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ABSTRACT 
The purpose of this research was to achieved selective hydrogenolysis of glycerol to 
1,2-PDO (1,2-propanediol). Hydrogenolysis of glycerol was investigated in batch and 
trickle flow fixed bed continuous reactors. Raney catalysts and carbon supported 
precious catalysts were tested in the batch reactor. Ru/C and oxide-supported catalysts 
were tested in a continuous reactor. Parametric studies were performed and kinetics 
parameters were estimated with Raney copper catalyst in a batch reactor and with 
Cu/Al2O3 in a continuous reactor. The network of glycerol hydrogenolysis was 
studied on Cu/Al2O3. Cu/Al2O3 was investigated in the continuous reactor. 
Preparation methods, Cu loading and Cu catalyst support effects were studied. 
Catalyst characterization was performed to find out the factors that affected catalyst 
performance. Cu/Al2O3 catalyst was further modified by adding small amounts of Co 
and Ni to enhance the activity. The factors that affect the catalyst deactivation were 
also investigated. Raney Cu in the batch reactor and Cu/Al2O3 in the continuous 
reactor were the catalysts most selective to 1,2-PDO for glycerol hydrogenolysis. Cu 
catalyst on Al2O3 support of 18 wt % Cu loading prepared by co-precipitation method 
with ammonia is the most efficient catalyst for glycerol hydrogenolysis to 1,2-PDO. 
Catalyst characterization shows that the Cu/Al2O3 activity is related to the active Cu 
surface area on alumina support and the selectivity to 1,2-PDO is constant for the 
Cu/Al2O3 with different Cu surface area. Small amounts of Ni or Co improve the 
Cu/Al2O3 activity. The most effective deactivation factor for Cu/Al2O3 is coking or 
oxygenates on the spent catalyst. 
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INTRODUCTION  
Much attention has been given to the catalytic conversion of renewable feedstocks to 
chemicals. Conversion to hydrogen can contribute to the use of renewable energy 
sources, and conversion to petrochemicals can facilitate the replacement of petroleum 
by renewable resources. Recently, it has been proposed that commodity chemicals 
used to produce pharmaceuticals, agricultural adjuvants, plastics, and transportation 
fuel that are now derived from fossil resources might be produced in future 
biorefineries from renewable resources, such as plant-derived sugar and the other 
compounds. 
Due to the development of biodiesel production by transesterification of vegetable 
oils or the others, large amounts of glycerol are becoming available as a reaction 
by-product. Finding new outlets for glycerol consisting of high value-added products 
would improve the economy of the whole process. Glycerol can be converted into 
propylene glycol (propanediols or PDO) and ethylene glycol through catalytic process, 
e.g. hydrogenolysis under the presence of certain catalysts. Propanediols are valuable 
chemicals, e.g. 1,2-propanediol (1,2-PDO) is an attractive monomer in the preparation 
of polyesters and polyurethanes. 1,3- propanediol (1,3-PDO) can be used for polyester 
resins, liquid detergents, pharmaceuticals, cosmetics, etc. Ethylene glycol is currently 
made from ethylene and in demand on a large scale and also a value specialty 
chemical. 
Several routes to propanediols can be traced from renewable feedstocks; the most 
common route is the conversion of sugar or sugar alcohols at high temperatures and 
pressures in the presence of a metal catalyst to produce propanediol and the other 
lower polyols. Hydrogenolysis is one of the most efficient ways to convert glycerol 
into propylene glycols under certain reaction condition e.g. 200oC and elevated 
hydrogen pressure. Special catalysts are needed to accelerate the reaction. However, 
present catalysts such as copper chromite are not that selective and have a significant 
disposal problem.   
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The main aim of this research was the hydrogenation of bio-derived feedstocks. The 
starting point is the hydrogenolysis of glycerol to obtain preferentially 1,2-PDO. 
Many other byproducts such as ethylene glycol, ethanol, methanol and gaseous 
products (e.g. methane and CO2) are generated during this reaction, so that selectivity 
is important. 
The overall aim of hydrogenolysis of glycerol is to study the selective conversion of 
glycerol to 1,2-PDO by catalytic hydrogenolysis at rates and selectivity compatible 
with commercial operation. The research contains: 
1. A comparison of the activity and selectivity to the target product (1,2-PDO or so) 
of selected catalysts  
2. Cu catalyst was selected as the catalyst for glycerol hydrogenolysis to 1,2-PDO in 
a batch or continuous reactor. 
3. A primary study has been carried out of the reaction network giving rise to the 
product and by-products. 
4. Kinetics has been derived for the overall key reaction. 
In order to do the study it was necessary: 
1 To build batch and continuous reactors 
2 To develop appropriate experimental protocols for glycerol hydrogenolysis in a 
batch or continuous reactor and perform essential parameter study.  
3 To investigate the relation between the properties of the selected catalyst ( Cu 
catalyst) and its performance 
4 To prepare different promising catalysts and prepare Cu/Al2O3 and Cu based 
bimetallic catalyst with different preparation methods, to test these catalysts, and 
characterize the catalysts. 
 
 22 
CHAPTER 1 INTRODUCTION TO GLYCEROL AND DERIVATIVES 
1.1 INTRODUCTION 
The increasing demand and price of crude oil have created great opportunities to 
develop bio-derived fuel and material to replace petroleum-derived products. 
Petroleum or crude oil is a naturally occurring, high energy content and 
non-regenerative source of energy and chemicals. The known amount of petroleum 
reserves are typically estimated at around 190 km3. It was believed that after decades 
the petroleum will deplete according to the current consumption rate: about 84 million 
barrels (13.4×106 m3) per day. Efforts on finding new sources of energy and 
petroleum derivative chemical products have been made since early last century. 
Bio-derived fuel was found to be one of the most suitable petroleum replacements and 
for the supply of synthetic chemicals. 
Glycerol is one of the most important by-products from bioprocessing. Due to the 
increased production of low concentration glycerol in water from saponification or 
transesterification [1] [2] processes and the increase of the crude glycerol solution, the 
world scientific community has attempted to find suitable pathways to convert 
glycerol to more valuable compounds such as propanediol and ethylene glycol. 
1,2-PDO (1,2- propanediol) is one of the most important chemicals that could be used 
in polyester resins, liquid detergents, pharmaceuticals, cosmetics and antifreeze. The 
interest in glycerol and its derivatives is increasing with the development of the 
bio-diesel industry. 
1.2 BIODIESEL INDUSTRY AND GLYCEROL MARKET 
Biodiesel is a vegetable oil or animal fat based diesel fuel consisting of long-chain 
alkyl (methyl, propyl or ethyl) esters. Biodiesel has better lubricating properties and 
higher cetane ratings than hydrocarbon diesel fuels. The energy content of biodiesel is 
quite close to fossil fuel diesel. The calorific value of biodiesel is about 37.27 kJ/L 
[3], which is 9% lower than regular Number 2 petrodiesel. From the environment point 
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of view, biodiesel is also cleaner because it contains much less sulfur than 
conventional fuel. Biodiesel has also different physical properties compared to 
petrodiesel, for example, biodiesel could degrade natural rubber substances in 
vehicles. It is believed that biodiesel can easily dissolve or break down deposits of 
residue in the fuel lines where petrodiesel has been used. 
The production of biodiesel reduces the dependence on crude oil. Biodiesel can be 
used alone, or blended with petrodiesel. It is estimated that 51 billion liters of 
biodiesel is produced annually, which is enough to fulfill roughly 4-5% of the world’s 
existing requirement for petroleum diesel [4]. The feedstock for biodiesel includes 
vegetable oil, animal fat or grease [5], algae [6] and waste oil & fat [5, 6]. The production 
of biodiesel from the oil, fat and grease source is based on the saponification or 
transesterification reaction. The following equation describes how triglycerides are 
converted to ethyl esters of fatty acid and glycerol via the transesterification process. 
Methanol and 1-propanol could also be used in this process. 
 
Transesterification process 
For every 9 kilograms of biodiesel produced, about 1 kilogram of crude glycerol 
by-product is formed. With current technology and biodiesel production rate, about 
3.5 million gallons of crude glycerol are produced each year [7]. This crude glycerol 
possesses very low value because of its impurities. Most of the crude glycerol has 
water, about 20 % glycerol by weight, and also contains a lot of residual catalyst and 
organic impurities. As the production of biodiesel grows, the quantity of crude 
glycerol generated will be considerable, and its utilization has become an urgent 
matter. The crude glycerol could be purified by a number of steps to produce 
industrial grade glycerol product. However, the process of refining is fairly complex 
and expensive. First the crude glycerol needs to be distilled or ion exchanged but the 
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distillation system is an additional investment for small scale biodiesel plant operators, 
and ion exchange column,  produce a large volume of waste water which is another 
additional cost for treatment. In this situation, a significant number of biodiesel 
operators would rather pay for the disposal of the crude glycerol or just burn the crude 
glycerol than struggling to upgrade glycerol. Therefore, with the increase in global 
biodiesel production, the market price for this crude glycerol has crashed. Research is 
being conducted globally to use this glycerol as a chemical building block [7].  
1.3 GLYCEROL USE IN INDUSTRY, GLYCEROL DERIVATIVES AND GLYCEROL 
CONVERSION TECHNOLOGY 
Glycerol, also known as glycerin, is a three-carbon sugar alcohol (C3H8O3) that has 
three hydrophilic alcoholic hydroxyl groups (-OH). It is a colorless, sweet taste, 
viscous liquid and of low toxicity. Glycerol is soluble in water and is hygroscopic in 
nature. Its surface tension is 64.00 mN/m at 20 °C, and it has a temperature coefficient 
of -0.0598 mN/(m K). The glycerol substructure is a central component of many 
lipids. It is widely used in pharmaceutical formulations, soaps, cosmetics, foods and 
for many industrial uses. However, with the increase of biodiesel along with the crude 
glycerol production, the glycerol price is variable in recent years but with a declining 
trend (Figure 1.1) [8].  
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Figure 1.1 Glycerol price (1995-2005) [8] 
The cost of glycerol is dependent on the direct use and derivatives from feasible 
conversion. As a nontoxic, edible, biodegradable compound that is very 
environmental, glycerol is interesting to be modified to more valuable derivatives and 
the declining glycerol price has opened a new wide market including polymers, ethers 
etc. A great deal of research is being conducted to try to make value-added molecules 
from crude glycerol obtained from biodiesel production, as an alternative to disposal 
by incineration. Some potential technology used for glycerol conversion includes the 
following: glycerol oxidation, new bond making or breaking, polymerization, 
fermentation etc.  
For example, Claridge and Hendlin [10] studied glycerol oxidation via bioprocess. The 
main product is lactate and hydrogen peroxide. The over-all reaction was: 
glycerol + O2  lactate + H2O2. 
Glycerol oxidation 
McMorn et al. [11] performed the oxidation of glycerol with hydrogen peroxide using 
silicalite and aluminophosphate catalysts. Formic acid and a mono-formate ester of 
glycerol were observed to be the major products together with a complex mixture of 
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acetals. New bond breaking technology explored a wide range of valuable compounds 
from glycerol. 1,2-PDO, 1,3-PDO and ethylene glycol are three of those. 1,2-PDO, 
1,3-PDO and ethylene glycol are traditionally produced from petroleum refining 
process and their high demand offers a great potential market for glycerol. 1,2-PDO 
can be produced from fermentation but with relatively high cost. In Patent 5635588 
[12], glycerol, glycidol or 2,2-dimethyl-1,3-dioxolane-4-methanol is polymerized in the 
presence of an acid zeolite having an average pore size of at least 0.6 nanometer at 
150-250° C. Of all the glycerol derivatives, 1,2-PDO is one of the most interesting, 
valuable compounds and widely researched. An important technical requirement is to 
develop selective catalysts for conversion of glycerol to 1,2-PDO with a lower cost 
and environmental care. Figure 1.2 shows the 1,2-PDO usage in the USA. 
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Figure 1.2 1,2-PDO (PG) usages in USA (2001) [9] 
1.4 PROPERTIES OF 1.2-PDO 
1,2-PDO, which is also known as propylene glycol, is a colorless, odorless, slightly 
sweetish, viscous, highly hygroscopic liquid. It is fully miscible with water, methanol, 
ethanol, acetone, diethyl ether, chloroform and moderately soluble in benzene. 
1,2-PDO has two hydroxyl groups in the molecule and intermediate properties 
between alcohols, with single hydroxyl group and glycerol that has 3 hydroxyl groups. 
1,2-PDO is widely used in medicines, cosmetics, food, and tobacco products. The 
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physical properties of 1,2-PDO are given in Table 1.1 below 
Table 1.1 Physical properties of 1,2-PDO 
Density 1.036 g/cm³ 
Melting point -59 °C 
Boiling point 188.2 °C 
Thermal conductivity 0.34 W/m-K (50% H2O @ 90°C) 
Vapor Pressure  0.13 mm Hg, 77°F (25°C) 
Evaporation Rate 1.57x 10-2 (n-Butyl Acetate = 1) 
Freezing Point 
The addition of glycols to water (1,2-PDO or ethylene glycol) leads to a lower 
freezing point than pure water. Now most of the liquid cooling systems are using 
glycol solution as a cooling media. Unlike water and the other liquids with sharp 
freezing points, glycol-water solutions first become more viscous during freezing and 
as the temperature decreases, the slush becomes more and more viscous and finally 
stops to flow.  
Burst Protection 
The expansion in volume upon cooling of many kinds of liquid may cause containers 
with liquid to rupture or burst when exposed to low temperature conditions. As the 
glycol-based fluids provide lower freezing points and slow freezing time, they provide 
better protection correspondingly. 
Solubility 
1,2-PDO can be mixed at all proportions with water. Moreover, 1,2-PDO is also 
miscible in many organic solvent, such as methanol and ethanol. Therefore, 1,2-PDO 
is a better solvent for oils and organic chemicals than ethylene glycol. 
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Hygroscopicity 
1,2-PDO is highly hygroscopic and with low toxicity so it can be used as desiccant in 
food storage. 
Viscosity 
The viscosity of 1,2-PDO is dependent on the temperature. In high temperature 
situation (>60 oC), the viscosity of 1,2-PDO is low and the liquid can flow freely but 
when the temperature is low ( <60oC), 1,2-PDO has high viscosity and could fail to 
flow. However, 1,2-PDO is still more fluid than many other solvents and plasticizers 
so it is often applied to other solvent to reduce the viscosity or used alone. 
Specific Heat 
Specific heat is the amount of heat required to raise a unit weight of substance one 
degree in temperature. Addition of water to a glycol increases the specific heat. This 
is important whenever glycol solutions are considered for use as heat transfer media. 
Toxicity 
1,2-PDO is widely used in the food industry as it is regarded as having low toxicity 
and considered to be a safe additive. Unlike ethylene glycol, 1,2-PDO is proved to be 
practical non-toxic. The potential for long-term toxicity is also low. In one study, rats 
were provided with feed containing as much as 5% 1,2-PDO over a period of 104 
weeks and they showed no apparent ill effects [13]. Researchers have performed a 
toxicity study on 1,2-PDO in drinking water and diet and the result shows satisfactory 
safety in food industry [13]. 
1.5 PROPYLENE GLYCOL (1,2-PDO) PRODUCTION AND MARKET 
Millions of tons of 1,2-PDO are produced every year. Industrially 1,2-PDO is 
traditionally produced by hydration of propylene oxide (Figure 1.3) [14]. Small 
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quantities of higher glycols are also produced in the reaction. The reaction between 
propylene oxide and water takes place at a temperature about 150oC to 200oC 
depending on the reaction condition and the catalyst. A higher pressure of oxygen is 
also needed. The reaction mixture is dehydrated by evaporation and the various 
product separated by distillation. Final products contain about 20% 1, 2-propanediol, 
and small amounts of other poly 1,2-PDO. Due to the increase of biodiesel demand 
and corresponding amount of crude glycerol production, 1,2-PDO now is under 
investigation to be produced from glycerol which is a biodiesel byproduct.  
 
Figure 1.3 Reaction scheme for the commercial synthesis of 1,2-PDO[14] 
The demand for 1,2-PDO has increased by 2.0 percent per year between 1995 and 
2005 and the future increase is estimated to keep the same rate for foreseeable future 
[15]. The total production of 1,2-PDO in USA is about 1400 million pounds per year 
[16]. Domestic usage of 1,2-PDO increased at rate of 4% from 1990 to 2000. However, 
it declined by about 3.5% in 2001 and 3% in 2002 due to economic downturn and is 
projected to increase at about 2% per year. The 1,2-PDO market is under severe 
pressure due to increasing cost of oil and natural gas. Propylene, which is precursor to 
propylene oxide used to make 1,2-PDO has seen a significant rise in price since recent 
years. Propylene is obtained by natural gas reforming by catalytic cracking of heavy 
fractions of crude petroleum. These sources are sensitive to natural gas and crude oil 
pricing. An alternate cost effective non-petroleum route using biodiesel glycerol as 
feedstock for making of 1,2-PDO is expected to prove to be commercially attractive. 
With the increase of biodiesel production and the large amount of crude glycerol 
being produced as a byproduct, there are an increasing number of companies looking 
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to produce 1,2-PDO from glycerol [18]. Ashland Chemical and Cargill have formed a 
joint venture to build a 65,000 tones/year glycerol-based 1,2-PDO facility in Europe. 
Huntsman plans to commercialize glycerol-based 1,2-PDO in 2008 with initial 
production in Conroe, Texas. Dow Chemical expects to have limited quantities of its 
glycerol-based 1,2-PDO, called 1,2-PDO Renewable, available to customers by the 
end of 2007. Archer Daniels Midland (ADM) plans to make 1,2-PDO and polyols 
from agricultural-based feedstock [18]. 
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CHAPTER 2 LITERATURE OF GLYCEROL HYDROGENOLYSIS  
2.1 INTRODUCTION  
As a consequence of the demand for green chemical processes there is a strong 
incentive to convert bio-derived feedstocks such as sugars and sugar alcohols into 
useful chemical products. These feedstocks can be obtained from plants by 
biochemical processes, for example fermentation. Glycerol can be regarded as an 
example of such a feedstock because it is formed in large quantities as the byproduct 
in the saponification of triglycerides in the production of free fatty acids for 
detergents and of fatty esters for biofuels [19]. In fact, glycerol is becoming a cheap, 
large-volume market product, and the ability to use it as a source of organic carbon, 
and as a starting material for chemical transformations, is very appealing. Propylene 
glycols are important chemicals. 1,3-Propanediol (1,3-PDO) is a high-value speciality 
chemical used primarily in polyester fibers, films, and coatings. 1,2-Propanediol (1, 
2-PDO) is a medium-value commodity chemical used for polyester resins, liquid 
detergents, pharmaceuticals, cosmetics, antifreeze, etc [20]. Both are produced 
industrially starting from petrochemical resources. 1,2-PDO is commercially 
produced by hydration of propylene oxide [85]. The reaction of water and propylene 
oxide takes place at 200oC and 12 bar pressure. The reaction mixture is dehydrated by 
evaporation and the various glycols separated by distillation. Propylene oxide is made 
traditionally by chlorohydrin or epoxidation routes e.g. oxidation of propylene [86]. 
Hydrogenolysis is a catalytic chemical reaction whereby a molecule of hydrogen is 
added over a carbon-heteroatom single bond, effectively causing a "lysis" of the bond. 
The heteroatom may vary, but usually is oxygen, nitrogen or sulfur. A closely related 
reaction is hydrogenation, where hydrogen is added over a carbon-carbon double 
bond (leading to the ultimate reduction to a single bond). An example is the 
hydrogenolysis of glycerol to propylene glycol.  
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Figure 2.1 Hydrogenolysis of glycerol [21] 
Cu chromite is an established selective catalyst but presents significant disposal 
problems. Despite patents and scientific literature going back more than 20 years, 
there is still the need to develop efficient catalysts for these reactions in order to 
achieve more efficient commercial application. In an effort to overcome these 
drawbacks, the research focuses at developing a technology to perform the reaction at 
lower temperatures and pressures using low concentrated glycerol (20 wt %) while 
simultaneously achieving high selectivity towards propylene glycol and little or no 
selectivity towards ethylene glycol or other byproducts. 
2.2 CATALYSTS STUDIED IN PREVIOUS WORK  
In the most recent research, the catalysts used in the hydrogenolysis of glycerol to 
1,2-PDO can be classified in to three types : carbon-supported precious metal catalyst, 
Raney catalyst and the other supported metal catalyst, among which carbon-supported 
precious metal catalyst and Raney catalyst were mostly tested in batch reactor and the 
other supported catalysts such as Cu/Al2O3, Cu/ZnO and Cu/SiO2 were studied in 
continuous reactor by contrast. Table 2.1 summaries the main catalysts described in 
the literature. 
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Table 2.1 Main catalysts summarized in the literature 
Catalyst Reactor 
Condition (Temperature & 
Hydrogen Pressure) 
Reference 
Ru/C Batch 453 K, 12 bar 22 
Pt/C Batch 453 K, 12 bar 22 
Pd/C Batch 453 K, 12 bar 22 
Rh/C Batch 453 K, 12 bar 22 
Ru/C +additives Batch 393~453K, 40~80 bar 24 
Pt/C +additives Batch 393~453K, 40~80 bar 24 
Pd/C +additives Batch 393~453K, 40~80 bar 24 
Rh/C +additives Batch 393~453K, 40~80 bar 24 
Raney Nickel Batch 473 K, 12 bar 21~25 
Raney Copper Batch 473 K, 12 bar 21~25 
Cu chromite catalyst Batch 473 K, 12 bar 31 
Rh/Al2O3 Batch 453K, 80 bar 29 
Mixed metals oxide on 
silica or alumina support 
Batch 453~513K, 42~80 bar 34~37 
Cu based catalysts Batch 473k, 50 bar 87 
Cu based catalysts Continuous 473~633K, 200~204 bar 87 
2.2.1 Carbon supported precious metal catalysts 
Carbon supported precious metal catalysts are some of the most investigated catalysts 
for glycerol conversion to 1,2-PDO. Ruthenium, rhodium, platinum, palladium and 
their alloys support on carbon were the most studied. Ru/C has been successfully used 
in the hydrogenation of glucose to sorbitol [134] and it is a suitable catalyst for 
hydrogenation of substituted anilines to cyclohexylamines, carboxylic acids to 
alcohols, allyl and heterocyclic aromatic compounds, Fischer-Tropsch synthesis [135]. 
Rh/C is widely used in hydrogenation of aromatics [136], debenzylation and 
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hydrogenation reactions. Palladium is also usually used for catalytic hydrogenations 
in organic chemistry. Platinum is widely applied in petroleum refining process [107], 
e.g. hydrogenation of nitroaromatic compounds to aromatic hydroxylamine, 
hydrogenation of aromatic aldehydes to alcohols, hydrogenation of nitroaromatic 
compounds to anilines and rubber antioxidant. 
Kusunoki et al. [22] tested a series of carbon supported catalysts for the reaction of 
glycerol hydrogenolysis. The results show that Ru/C is very active while Pt/C and 
Pd/C catalyst demonstrate higher selectivity to 1,2-PDO. 
Table 2.2 Glycerol hydrogenolysis over noble metal catalysts [22] 
453 K , 4 Mpa, 20 wt % glycerol 
Catalyst 
Conversion 
% /C 
1,2-PDO 
% /C 
1,3-PDO 
% /C 
1-PO  
% /C 
2-PO  
% /C 
Others 
% /C 
Ru/C 6.3 17.9 0.5 0.2 0.0 81.4 
Pt/C 1.1 87.6 1.9 0.1 0.0 10.4 
Pd/C 0.7 93.1 1.4 0.0 0.0 5.5 
Rh/C 0.3 58.6 3.4 0.0 0.0 38.0 
Kusunoki et al. [22] also performed hydrogenolysis of glycerol by Ru/C, Pd/C and Pt/C 
at a lower reaction pressure and temperature. At temperatures above 200 oC and 
hydrogen pressure of 200 psi, the selectivity to propylene glycol decreased due to 
excessive hydrogenolysis of the propylene glycol. The yield of propylene glycol 
increased with decreasing water content. The reaction pathway for converting 
glycerol to propylene glycol via acetol intermediate was validated by isolating the 
acetol intermediate. Reactions were carried out using 80 wt % glycerol at 200 °C and 
200 psi hydrogen pressure for 24 h.  
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Table 2.3 Conversion of glycerol and selectivity to 1,2- PDO [22] 
80% glycerol solution at 200 °C and 200 psi hydrogen pressure for 24 h 
Description 
Conversion      
% C 
Selectivity to 1,2- PDO          
% C 
Ru/C (5 wt %) 43.7 40 
Pd/C (10 wt %) 8.9 48.3 
Ph/C (20 wt %) 11.2 52.7 
Pt/C (34.6 wt %) 11.2 82.7 
2.2.2 Carbon supported precious metal catalysts and additives 
Chaminand et al.. [23] investigated the additives effect to the Pd/C and Rh/C catalyst 
on glycerol hydrogenolysis. H2WO4 was added and the conversion of both Pd/C and 
Rh/C catalyst were improved along with the yield of 1,2-PDO. 
Table 2.4 Influence of the catalyst additives on the hydrogenolysis of glycerol at 413 
K, 10 hr reaction time, 4~8MPa [23] 
Catalyst Additive 
Conversion  
% /C (90 h) 
Yield 
1,3-PDO % /C 
Yield 
1,2-PDO % /C 
Pd/C — <1 Not detected 0.4 
Pd/C H2WO4 3 Not detected 2 
Rh/C — 2.5 Not detected 2 
Rh/C H2WO4 10 2.6 5.2 
Miyazawa et al. [6] found that the activity of the catalyst and Amberlyst in glycerol 
hydrogenolysis can be related to that of acetol hydrogenation over the metal catalysts. 
Regarding acid catalysts, H2SO4 (aq) shows lower glycerol dehydration activity than 
Amberlyst, and HCl(aq) strongly decreases the activity of acetol hydrogenation on 
Ru/C [7, 8]. The reaction was carried out under mild condition (393 K and 8.0 MPa).  
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Table 2.5 Result of glycerol reaction (by carbon mole) over noble metal catalysts and 
noble metal + acid catalysts at 393 K, 8 Mpa and 10 hr [24] 
Catalysts 
Conversion 
%  
1,2-PDO 
%  
1,3-PDO 
%  
1-PO 
%  
2-PO 
%  
Others 
%  
Ru/C 3.5 26.4 4.9 26.7 0.3 41.7 
Rh/C 1.9 62.8 6.8 19.3 7.0 4.1 
Pt/C <0.3 27.7 0 23.5 24.2 24.6 
Pd/C <0.2 30.7 0 11.3 18.3 39.7 
Ru/C +Amberlyst 12.9 55.4 4.9 14.1 0.9 24.7 
Rh/C +Amberlyst 3.0 32.7 9.0 40.4 14.9 3.0 
Pt/C +Amberlyst <0.3 27.1 0 21.5 35.0 16.4 
Pd/C +Amberlyst <0.2 26.6 0 15.8 30.3 27.3 
Ru/C +H2SO4 5.1 56..3 4.0 13.1 7.1 19.5 
Ru/C +HCl 0.9 34.0 0 21.6 7.8 36.6 
Kusunoki et al. [22] mixed active carbon supported Ru catalyst with a cation exchange 
resin (Amberlyst 15) and the reaction exhibited a very high activity in glycerol 
hydrogenolysis under mild reaction conditions such as 393 K and 4 MPa H2, 20 wt % 
glycerol. The weight of supported metal catalysts was 150 mg and that of solid acid 
catalysts was 300 mg under standard conditions. The reactor was heated to the 393 K 
and the pressure of H2 increased to 4.0 or 8.0 MPa. The temperature was kept for the 
reaction time (10–40 h). The conversion of glycerol by Ru/C was 6.3% and the 
selectivity to 1,3-PDO was as high as 98% with palladium but the conversion was as 
low as 0.7%.  
The concentration of glycerol will also effect the conversion and selectivity to the 
target product. Ru/C + Amberlyst and Ru/C both obtain higher conversion at lower 
glycerol concentration [22]. The formation rate of hydrogenolysis products over Ru/C 
was the highest when a 10 wt % aqueous solution of glycerol was used; in contrast, 
the formation rate of hydrogenolysis products over Ru/C + Amberlyst was maximal 
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with a 40% glycerol solution. A similar tendency was also observed for a 
copper-chromite catalyst. Another important point is that the maximum 
hydrogenolysis rate was obtained over Ru/C + Amberlyst at a higher concentration of 
glycerol than over Ru/C [9]. The reaction order is higher on Ru/C + Amberlyst than on 
Ru/C, due to the reaction order of glycerol over Ru/C or Amberlyst. The addition of 
H2WO4 to Rh/C also enhanced the glycerol conversion and the selectivity to 1,3-PDO, 
however, the activity was not so high. 
Table 2.6 Glycerol hydrogenolysis over Ru/C + acid catalysts at 453 K, 4~8MPa and 
0.75 wt % catalyst + 1.5 wt % acid and 10 hr [22] 
Catalysts 
Conversion 
% /C 
1,2-PDO 
%/C 
1,3-PDO 
%/C 
1-PO  
%/C 
2-PO  
%/C 
Others 
%/C 
Ru/C +SO4
- /ZrO2 8.5 58.9 1.1 0.7 0.1 39.2 
Ru/C + BEA 9.8 51.4 2.5 3.4 0.2 42.5 
Ru/C + USY 6.7 82.0 0.4 0.9 0.4 16.3 
Ru/C + MFI 7.4 44.2 2.6 17.5 0.3 35.4 
Ru/C + H2WO4 5.9 79.4 1.4 1.2 0.2 17.8 
Ru/C + Amberlyst 15.0 53.4 1.6 5.4 1.0 38.6 
Rh/C + H2WO4 1.3 56.7 20.9 10.4 0.7 11.3 
Catalysts combined with Amberlyst exhibited a higher activity of reaction which can 
be due to the higher acid strength of Amberlyst and hydrocracking rate. 
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Table 2.7 Glycerol hydrogenolysis over noble metal catalyst & Amberlyst at 413 K, 
4~8MPa, 0.75 wt % catalyst + 1.5 wt % acid and 10 hr [22] 
Catalysts Conversion 
% /C 
1,2-PDO 
%/C 
1,3-PDO  
%/C 
1-PO  
%v 
2-PO  
%/C 
Others 
%/C 
Ru/C + Amberlyst 40.7 43.1 1.0 18.2 2.9 34.8 
Ru/C + H2SO4 3.2 47.4 5.4 19.6 1.6 26.0 
Pt/C + Amberlyst 0.5 4.4 4.4 52.7 8.8 29.7 
Pd/C + Amberlyst 0.3 6.1 0.0 51.5 15.2 27.2 
Rh/C + Amberlyst 6.4 19.5 7.2 53.2 14.7 5.4 
Ru/C catalyst showed higher conversion than Rh/C, Pd/C and Pt/C in hydrogenolysis 
of glycerol. However, the selectivity of cracking products was rather high over Ru/C. 
The addition of solid acid additives to Ru/C was very effective to the increase of 
conversion and hydrogenolysis selectivity. From the comparison of the performance 
of Ru/C and various acid catalysts, it is found that the combination of Ru/C with the 
ion exchange resin (Amberlyst 15) exhibited highest activity, and this bi-functional 
system catalyzed the hydrogenolysis reaction under milder reaction conditions than 
usual such as 393 K and 4 MPa hydrogen pressure. From the results that Ru/ C + 
H2SO4 showed much lower activity than Ru/C + Amberlyst, the solid acid was more 
effective in hydrogenolysis of glycerol. 
2.2.3 Metal catalysts on other supports 
Chaminand et al. [23] investigated the hydrogenolysis of aqueous solutions of glycerol 
at 180 °C under 80 bar H2 pressure in the presence of supported metal catalysts. 
Catalysts (Cu, Pd, Rh), supports (ZnO, C, Al2O3), solvents (H2O, sulfolane, dioxane) 
and additives (H2WO4) were tested to improve reaction rate and selectivity to the 
target molecules. The best selectivity (100%) to 1,2-PDO was obtained by 
hydrogenolysis of a solution of glycerol in water in the presence of CuO/ZnO 
catalysts. To improve the selectivity to 1,3-propanediol the reaction was conducted 
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with rhodium catalysts with tungstic acid added to the reaction medium. The best 
result in terms of conversion and selectivity to 1,3-propanediol (1,3-PDO/1,2-PDO = 
2) was obtained by operating in sulfolane. The presence of iron dissolved in the 
reaction medium was also beneficial for the selectivity to 1,3-PDO. A mechanism was 
proposed to account for the effect of these different parameters. 
Table 2.8 Influence of the support on the hydrogenolysis of glycerol [23] 
 180 °C and 80 bar H2  
Catalyst Conversion  
% (90 h) 
Yield 
1,3-PDO % C 
Yield 
1,2-PDO % C 
1,3-PDO/ 
1,2-PDO 
Rh/C (5%) 21 1.3 15 0.1 
Rh/Al2O3 (5%) 27 3.1 12.4 0.3 
Rh/Nafion (1%) 8 1.5 4.3 0.35 
Rh/HY (3.5%) 3 0 0 — 
2.2.4 Hydrogenolysis of glycerol by Raney catalysts 
Raney catalysts are solid catalysts composed of fine grains of metal-aluminium alloys, 
used in many industrial processes. Recently they are used as a heterogeneous catalyst 
in a variety of organic syntheses, most commonly for hydrogenation reactions. Raney 
mickel, Raney cobalt and Raney copper are three of the most common Raney 
catalysts used in hydrogenation and dehydration processes. Raney nickel is produced 
when a block of nickel-aluminium alloy is treated with concentrated sodium 
hydroxide [25]. The porous structure left behind has a large surface area, which gives 
high catalytic activity. A typical catalyst is around 85% nickel by mass, corresponding 
to about two atoms of nickel for every atom of aluminium. The aluminium which 
remains helps to preserve the pore structure of the overall catalyst [26]. 
Perosa et al. [20] performed the hydrogenolysis of glycerol under low hydrogen 
pressure (10 bar), in the presence of Raney nickel. The reaction was carried out 
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without added solvents (using only glycerol + catalyst + H2) and in the presence of a 
liquid phosphonium salt. Recently, it has been recognized that onium salts, and in 
particular liquid ones dubbed “ionic liquids” (ILs), can offer advantages in some 
catalytic reactions as far as yields, rates, selectivity, and product separation are 
concerned [20]. In particular, Raney nickel is strongly active for hydrodehalogenation 
reactions of haloaromatics when a lipophilic ammonium salt such as Aliquat 336 is 
present in a multiphase reaction system [27,28] .Under these conditions, the Ni catalyst 
becomes immobilized in the liquid Aliquat 336 phase, thus facilitating 
product-catalyst separation. 
Addition of a phosphonium salt, a liquid at the reaction temperature, improved the 
selectivity and rate to a small extent. The results show that Raney Ni is an active 
catalyst for the hydrogenolysis of glycerol even at pressure as low as 10 bar of 
hydrogen. Selectivity toward 1,2-PDO is high, with the only byproducts being ethanol 
and CO2. 
Table 2.9 Hydrogenolysis of Glycerol with Raney Ni at 10 bar[20] 
No. Condition 
Temperature 
o
C 
Time 
hr 
X  
% 
1,2-PDO 
% 
EtOH 
% 
CO2 
% 
1 neat 150 20 12 93 1 6 
2 neat 190 8 32 79 18 3 
3 neat 190 20 63 77 15 8 
4 neat 190 44 97 71 19 10 
5 neat 210 20 91 48 40 12 
6 Bu4PBrb 190 20 49 68 26 6 
7 (C6H13)3C14H29PCl 190 20 47 81 13 6 
Raney Copper was found to be one of the most selective catalyst to 1,2-PDO. It was 
tested by Dasari et al. [21] of the hydrogenolysis of glycerol under low reaction 
temperature and 200°C using Raney nickel and Raney copper as the catalysts. 
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Reactions were carried using 80% glycerol solution at 200 °C and 200 psi hydrogen 
pressure for 24 h. The results demonstrated higher selectivity using Raney copper was 
achieved. 
Table 2.10 Hydrogenolysis of glycerol with Raney nickel and Raney copper [21] 
80 wt % glycerol solution at 200 °C and 200 psi hydrogen pressure for 24 h. 
Description Conversion % Selectivity to 1,2-PDO % C 
Raney-nickel 49.5 52.7 
Raney-copper 48.9 69.1 
2.2.5 Copper based catalysts for hydrogenolysis of glycerol 
Copper based catalysts were found to be most selective for propylene glycol in the 
recent research. Copper catalyst, which are dispersed on different supports, e.g. Al2O3, 
and prepared with an other metal to form a new bi-metallic catalyst, e.g. CuZnO and 
Cu chromite catalyst, are widely used in petroleum refining, chemical preparation and 
food industry. CuZnO catalyst, Cu chromite, Cu on alumina catalyst and copper based 
bi-metallic catalyst are the most investigated catalysts that were tested in the 
hydrogenolysis of glycerol. The advantages of copper based catalyst are: high 
selectivity to 1,2-PDO (up to 95%), relatively easily prepared, green ( if no toxic 
additive or bi-metallic) and cheaper than most of the precious metal. Although the 
yield of 1,2-PDO in most of the reported research is higher or even than high active 
catalyst such as Ru and Nickel based catalyst, the challenge of using copper catalyst 
for glycerol conversion is still needed to be improved, especially for the copper 
catalyst activity. The following sections will summarize the work on the most studied 
copper catalysts individually.  
Cu Chromite catalyst 
Copper chromite is a complex inorganic catalyst that is used to catalyze certain 
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reactions in organic synthesis [31], e.g. hydrogenation of ester compounds to the 
corresponding alcohols, hydrogenolysis of 2-fufuryl alcohol to 1,5-pentanediol and 
currently copper chromite catalyst is being using as commercial catalyst for glycerol 
hydrogenolysis. The research on glycerol hydrogenolysis to 1,2-PDO by copper 
chromite have been studied for years.  
Dasari et al. [21] tested a number of catalysts, nickel, palladium, platinum, copper, and 
copper-chromite catalysts, that were studied for hydrogenolysis of glycerol frequently 
and copper-chromite catalyst was identified as the most effective catalyst for the 
hydrogenolysis of glycerol to 1,2-PDO. The mild reaction conditions of 200 °C and 
200 psi used in these studies give the process based on copper-chromite catalyst 
distinctive competitive advantages over traditional processes using more severe 
conditions of temperature and pressure. In a two-step reaction process, the first step, 
forming acetol, can be performed at atmospheric pressure while the second requires a 
elevated hydrogen partial pressure. 1,2-PDO yields >73% were achieved at moderate 
reaction conditions. At temperatures above 200 °C and hydrogen pressure of 200 psi, 
the selectivity to 1,2-PDO decreased due to excessive hydrogenolysis of the1,2-PDO. 
At 200 psi and 200 °C the pressures and temperatures were significantly lower than 
those reported in the literature while maintaining high selectivity to 1,2-PDO and 
good conversions. The yield of 1,2-PDO increased with decreasing water content. 
WO2005/095536 [32] describes a low-pressure process for converting glycerol into 
propylene glycol by Ru/C, Raney nickel, Raney copper and copper chromite catalyst, 
in which a glycerol-containing stream having a water content of not more than 50% 
by weight is subjected to a catalytic hydrogenation at temperature in the range of 150 
to 205 °C and a pressure in the range of 1 to 25 bar. Cu chromite achieved 45 % 
conversion and 85% selectivity to 1,2-PDO at 5% catalyst weight and 14 MPa 
hydrogen pressure in 24 hours at 200°C. 
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CuZnO and CuZnO/Al2O3 catalyst 
Prier to the interest of glycerol hydrogenolysis to 1,2-PDO, combination of Cu and Zn 
catalyst have been widely studied in the methanol synthesis, water-gas shifting 
reaction, ester hydrogenolysis and reforming reaction [33]. Thesis reactions require the 
selective cleavages of a C–O bond without cleavage of the C–C bond in 
hydrogenolysis of glycerol to get 1,2-PDO[34]. In this respect Cu based catalysts are 
better catalysts compared to the other supported transition metal catalysts. Moreover, 
the Cu based catalysts are active under mild reaction conditions and do not rely on a 
separate solid acid catalyst. Copper chromite catalyst already showed good activity 
and selectivity under mild reaction conditions but due to the toxicity of chromium, 
copper chromite based catalysts are undesirable due to environmental aspects so 
another catalyst to replace Cu chromite is needed. Copper based catalyst is a good 
starting point and Cu/ZnO was widely investigated in glycerol hydrogenolysis. 
Wang (2007) [34] prepared Cu/ZnO catalyst with an atomic ratio (0.6-2.0) by a 
co-precipitation method. The catalyst was tested in glycerol hydrogenolysis to 
1,2-PDO at 453-513 K and 4.2Mpa hydrogen pressure. A high 1,2-PDO selectivity 
(83.6%), with a 11 % selectivity to ethylene glycol was achieved at 22.5% glycerol 
conversion at 473 K on Cu–ZnO (Cu/Zn = 1.0). 493 K was required for high 1,2-PDO 
selectivity. 
Balaraju et al. (2008) [35] achieved the selective formation of 1,2-PDO by glycerol 
hydrogenolysis at low hydrogen pressures using Cu–ZnO based catalysts. High 
conversion and selectivity was obtained for the catalyst with a Cu to Zn weight ratio 
of 50:50. The presence of small Cu and ZnO particles is required for better activity in 
glycerol hydrogenolysis [35]. A sufficient amount of ZnO is needed for high 
conversion of glycerol. The catalysts are highly stable under reaction conditions. The 
conversion of glycerol and selectivity to 1,2-PDO depended on the reaction 
temperature and glycerol concentration. 
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Meher et al. [36] performed selective hydrogenolysis of glycerol to 1,2-PDO in a Parr 
reactor using Cu/Zn/Al mixed-metal oxide catalysts, which were prepared from 
their corresponding hydrotalcite precursors having M2+/M3+ compositions over the 
range of 0.5-3.0. The reaction parameters were optimized with the most active 
Cu/Zn/Al catalyst, and it was found that at a catalyst concentration of 5% (w/w) of 
aqueous glycerol, a hydrogen pressure of 200 psi, 200 °C, 24 hours reaction time and 
80% glycerol, a maximum glycerol conversion of 52% with 93-94% selectivity 
toward 1,2-PDO was obtained. 
Chaminand et al. [37] tested the effect of adding solid acid (H2WO4) to CuO/ZnO 
catalyst in the hydrogenolysis of glycerol to 1,2-PDO. Reaction condition was: 15 g 
glycerol, 65 mL H2O, 180 °C, 80 bar H2, 0.08 mol Cu (50 wt %), 5 mmol H2WO4. 
The best selectivity to 1,2-PDO (100%) was obtained for the hydrogenolysis of a 
solution of glycerol in water in the presence of CuO/ZnO catalysts. The catalyst 
activity was improved from 19% glycerol conversion to 21 % by adding H2WO4 as 
solid acid additive but the yield of propylene glycol decreased from 19% to 17%.  
In WO2007/099161[87] the preparation of a range of Cu based catalysts is described 
for the glycerol conversion in both continuous reactor and suspension (batch). 
Copper-containing catalysts of different compositions were mixed metal oxide, such 
as CuO, TiO2, ZnO, ZrO2, Al2O3 etc. In the batch reactor test, 80 wt % glycerol 
solution was used in a 0.3L autoclave. The stirring speed was adjusted from 700 to 
1000 rpm and the run time was 10 hours. Some of the interesting results are in Table 
2.11. 
 45 
Table 2.11 Comparison of catalysts in batch reactor [87] 
200 oC, 50 bar H2, 80 wt % glycerol, 10 hours 
 
Catalyst 
Amount  
g 
Conversion 
% 
Selectivity to 1,2-PDO   
% C 
67%CuO/5%LaO/Al2O3(ad 100%) +15% Cu 20 97 95 
40%CuO/40%ZnO/20% Al2O3 18.3 100 88 
Raney Copper 100% 10 99 96 
Table 2.12 Comparison of catalysts in continuous reactor [87] 
Catalyst 
Time 
h 
Temp 
o
C 
Pressure 
bar 
Feed 
g/h 
Cat.space vel 
kg/l/h 
Conversion
% 
Selectivity
% 
1 a 230 217 200 31.1 0.4 81 99 
1 a 153 220 240 31.1 0.4 96 98 
2 b 287 200 200 23.3 0.3 88 92 
3 c 253 170-190 200 44.4 0.4 100 98.5 
a catalyst1: 66-77% CuO / 21-32% Cu-Chromite / 2% Graphite 
b catalyst 2: 67%CuO / 5%LaO / Al2O3(ad 100%) +15% Cu 
c catalyst 3: 40%CuO / 40%ZnO / 20%Al2O3 
90% glycerol solution was used in a continuously operated reactor at from 200 to 240 
bars hydrogen. The reaction temperature was arranged from 190 oC to 220oC. The 
conversion and selectivity to 1,2-PDO were very high according to the results above. 
Although the reaction condition of these experiment were very severe (200~240 bar) 
and the catalyst space velocity was very low (0.3~0.4) which was not efficient for 
industrial scale up, Cu based catalysts show a great of interest for further 
investigation.  
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2.2.6 Other studied catalysts used in glycerol hydrogenolysis 
Many other catalysts beside Raney catalysts, carbon supported metal catalysts and 
copper based catalyst have been studied previously in the hydrogenolysis of glycerol. 
Precious metals on oxide support such as Al2O3, cobalt based catalysts and bi-metallic 
or tri-metallic catalysts were also reported to be potential catalysts for the 
hydrogenolysis of glycerol. Most of the catalysts were tested to be inactive or 
non-selective to 1,2-PDO, however, some of the catalysts are still investigating with 
the purpose of improving other catalysts. 
Chaminand et al. [29] carried out glycerol hydrogenolysis on different supported 
precious metal catalysts. These catalysts were Rh catalyst with different support e.g. 
Rh/Al2O3, Rh/Nafion, Rh/HY. The reaction condition was: 15 g glycerol, 65 ml H2O, 
180 °C, 80 bar, 168 h, 0.5 mmol Rh (0.3%), 5 mmol H2WO4, with Teflon lining. The 
conversion is significantly lower than that observed with carbon supported metal and 
Raney catalysts and the selectivity of 1,2-PDO is also relatively low. 
Table 2.13 Influence of the support on the hydrogenolysis of glycerol [29] 
15 g glycerol, 65 ml H2O, 180 °C, 80 bar, 168 h, 0.5 mmol Rh (0.3%), 5 mmol H2WO4, with Teflon lining 
Catalyst Conversion % 
Yield 1, 3-PDO 
% C 
Yield 1, 2-PDO 
%C 
Rh/C(5%) 21 1.3 15 
Rh/Al2O3(5%) 27 3.1 12.4 
Rh/Nafion(1%) 8 1.5 4.3 
Rh/HY(3.5%) 3 0 0 
Meher et al. (2009) [36] tested by drotalcite-derived mixed-metal oxide catalysts as 
environmentally friendly catalysts for the selective hydrogenolysis of glycerol to 
1,2-PDO. Mg/Al, Ni/Mg/Al and Ni/Co/Mg/ were tested with 80 wt % aqueous 
glycerol, 5 wt % catalyst, and 200 psi hydrogen pressures at a reaction temperature of 
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200 °C. The glycerol conversion was observed as low as 1% with the formation of 
traces of acetol, without the formation of hydrogenolysis products such as 1,2-PDO. 
The introduction of a reducing metal, either Ni or Co, was expected to perform the 
hydrogenation of acetol to 1,2-PDO. Ni/Mg/Al mixed-metal oxide achieved low 
glycerol conversion (8.7 mol %) and with a low yield of 1,2-PDO (2.1 mol %). The 
incorporation of Co into Ni/Mg/Al catalysts only improved the glycerol conversion 
and 1,2-PDO yield slightly but did not improve the hydrogenation activity 
significantly [30]. 
Table 2.14 Catalytic activities of mixed-metal oxides for hydrogenolysis of glycerol 
to 1,2-PDO [30] 
80% aqueous glycerol, 5 wt % catalyst, 200 °C and 200 psi 
Catalyst M
2+
/M
3+
 
Conversion  
% 
1,2-PDO yield    
%  
Acetol yield     
%  
Mg/Al 0.5,0.75,1 <1 - traces 
Zn/Al 0.5,1 <1 - traces 
Ni/Mg/Al 0.5 8.7 2.1 traces 
Co/Ni/Mg/Al 3 92 3.3 traces 
Mohanprasad et al. [21] did the tested the following catalysts under lower pressure. 
Reactions were carried out using 80% glycerol solution at 200 °C and 200 psi 
hydrogen pressure for 24 h. 
Table 2.15 Low pressure test of hydrogenolysis of glycerol by different catalysts [21] 
200 °C and 200 psi hydrogen and 24 hr  
Catalysts Conversion % Yield to PG % C Selectivity to PG % C 
Ru/alumina 23.1 13.8 59.7 
Ni/silica-alumina 45.1 29.1 64.5 
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2.3 REACTION MECHANISM  
As much attention is paid to the selective hydrogenolysis of glycerol to 1,2-PDO, the 
reaction mechanism of glycerol hydrogenolysis has been studied for several years. 
The basic theory is that under high temperature and high hydrogen pressure, glycerol 
and the other sugar and sugar alcohols undergo hydrogenolysis to give various polyols 
such as propylene glycol and ethylene glycol in the presence of a catalyst. 
Hydrogenolysis of glycerol and sugar alcohol is catalyzed by transition metal 
catalysts and enhanced by addition of bases. In this process, both C-C and C-O bonds 
are susceptible to cleavage (Figure 2.2):  
 
Figure 2.2 Cleavage of C-O and C-C in sugar alcohols [60] 
Generally, the hydrogenolysis of glycerol can be summarized as in Figure 2.3 [22]. 
Most of the studies consider acteol as the intermediate of the reaction (Figure 2.4) [21, 
23, 24, and 61]. The glycerol is first dehydrated under the presence of hydrogen and 
catalyst then hydrogenated by H2. The hydrogenation process is proposed as a 
reversible reaction. Chiu et al. [61 and 62] achieved relatively pure acetol that was 
isolated from dehydration of glycerol as the transient intermediate. The isolation of 
this intermediate and the similarity of reactions using either glycerol or acetol as the 
feed reagent validated this two-step reaction process for copper chromite catalysis at 
temperatures less than 250°C. The study of acetol to 1,2-PDO was not separately 
investigated in the past and but will be illustrated in the present research.  
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. 
Figure 2.3 Model scheme of hydrogenolysis of glycerol [22] 
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Figure 2.4 Reaction mechanisms for glycerol conversion to 1,2-PDO ( propylene 
glycol) [61] 
US patent 20050244312 [65] describes lactaldehyde as the possible intermediate in the 
conversion of acetol to 1,2-PDO. The C=O group of lactaldehyde is hydrogenated to 
obtain propylene glycol. The previous studies consider that the hydrogen is directly 
attached to acetol to form 1,2-PDO. 
 
Figure 2.5 Acetol hydrogenation to 1,2-PDO (propylene glycol) [65] 
However, the reaction pathway and the intermediate for glycerol hydrogenolysis 
could be different depending on different reaction condition, additives and catalysts. 
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Tomohisa Miyazawa et al. [24] summarized the glycerol conversion reaction 
mechanism in the aqueous solution under hydrogen over Ru/C + an ion-exchange 
resin (Figure 2.6). 3-Hydroxypropionaldehyde was reported to be one of the reaction 
intermediates to 1.3-PDO. The additive did a significant effect to the reaction pathway. 
Regarding acid catalysts, H2SO4 (aq) shows lower glycerol dehydration activity than 
Amberlyst, and HCl (aq) strongly decreases the activity of acetol hydrogenation on 
Ru/C. In addition, the OH group on Ru/C can also catalyze the dehydration of 
glycerol to 3-hydroxypropionaldehyde, which can then be converted to 1,3-PDO 
through subsequent hydrogenation and other degradation products. 
 
Figure 2.6 Reaction scheme of glycerol hydrogenolysis and degradation reactions 
(EG = Ethylene glycol) [24] 
Mohanprasad et al. [21] reported the glycerol conversion to 1,2-PDO via 
glyceraldehyde as the reaction intermediate and Balaraju et al. [64] give a further 
explanation of glyceraldehyde dehydration to 2-hydroxyacrolein then 
2-hydroxyacrolein was hydrogenated to 1,2-PDO by copper chromite catalyst [21]. 
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Figure 2.7 Glycerol hydrogenolysis pathway to prepare 1,2-PDO [64] 
 
Figure 2.8 Reaction mechanisms for glycerol conversion to 1,2-PDO [62] 
Most of the literature only discusses the intermediate of the reaction and the reaction 
path way to the formation of 1,2-PDO and ethylene glycol; there are still presence of 
other byproduct such as methanol, ethanol, propanols and gas. Figure 2.6 can explain 
the formation of methanol, ethanol, propanols and methane, however, it was difficult 
to explain the absence of the presence of CO2 in the hydrogenolysis products of 
glycerol by the mechanisms illustrated in Figure 2.6, 2.7, 2.8 and 2.9. Nevertheless, 
Montassier et al. [66] proposed another mechanism, namely, the retro-Claisen reaction, 
for the C-C cleavage in glycerol hydrogenolysis, which allows formation of formic 
acid that decomposes under the hydrogenolysis conditions to form CO2. 
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Figure 2.9 Retro-Claisen reaction [66] 
Nimlos et al. [67] simulated the dehydration of neutral and protonated glycerol using 
quantum mechanical calculations. Hydride transfer, pinacol rearrangement, or 
substitution reactions, dehydration mechanisms were involved that have barriers 
between 20 and 25 kcal mol-1 (Figure 2.10). On neutral glycerol there is a high barrier 
for simple 1,2-dehydration which is lowered to pericyclic 1,3-dehydration. The 
barriers for dehydration of protonated glycerol are much lower compared to neutral 
glycerol.  
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Figure 2.10 Reaction mechanisms for the dehydration of protonated glycerol. 
Activation energies, Ea, were determined using CBS-QB3 [67] 
2.4 COPPER CATALYST CHARACTERIZATION  
As the copper catalyst is an important catalyst for many catalytic reactions and of 
great interest in hydrogenolysis of glycerol, the Cu based catalysts, especially refers to 
Cu/Al2O3, Cu/ZnO, CuZnO/ Al2O3 and Cu chromite, are being investigated in a lot of 
new energy and chemical production research. The characterization of copper catalyst 
is the direct way to understand how the catalyst works. The characterization 
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techniques included both microscopic and spectroscopic methods, such as Scanning 
Electron Microscopy (SEM) and X-ray Diffraction (XRD). Several characterization 
techniques are available to study solid surfaces and the properties of catalysts, but no 
single characterization method can be used to explain the catalyst basis theory for 
specific reaction. Usually the combination of several characterization techniques is 
required to form a whole comprehensive catalyst mechanism. For copper based 
catalyst, e.g. Cu/Al2O3, the active copper surface on the support is one of the most 
important studied catalyst for this present research because of its high selectivity to 
1,2-PDO. BET, TPR, XPS, XRD and N2O oxidation are typical technique to 
determine the active copper dispersion. The copper dispersion could be also effected 
by the copper loading, copper chemical valence form, support type and activation 
method so ICP, XRF, TEM, SEM and XPS are also essential. The technique literature 
that was used for copper catalyst is summaries below by the characterization purpose. 
Copper loading determination 
The copper loading has a strong effect on the copper particle size and dispersion in 
the catalyst, which further affects the active copper site. The rough copper loading 
could be calculated by the chemical stoichiometric data. However, due to the metal 
loss during the catalyst preparation process and potentially unexpected chemical 
compounds produced in catalyst preparation, the actual copper loading is usually 
different from the stoichiometric calculation and some times the error can be very 
large [53, 106]. Therefore, more accurate metal loading measurement technique are 
needed. ICP is one the most used to detect catalyst copper loading. The advantage of 
ICP analysis is if is precise but the restriction of this method is that the catalyst must 
be dissolved. Normally a high concentration of acid or a severe condition to dissolve 
the catalyst is need. If the catalyst is recalcitrant to the acid or solvent, XRF is another 
good choice but less accurate than ICP. 
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BET surface area 
Non-specific Brunauer-Emmett-Teller (BET) method is the most commonly used 
standard procedure to measure surface areas, in spite of the simplification of the 
model on which the theory is based. The BET surface area could be affected by 
catalyst preparation method, copper loading and support. The BET equation is 
applicable at low p/p0 range and it is written in the linear form based on BET theory 
[38]. 
 
where  
p is the pressure 
p0 is the saturation vapour pressure 
v is the amount of gas adsorbed at the relative pressure p/p0 
vm is the monolayer capacity 
C is the BET constant.  
 
 
N: Avogadro's number =6.02214179(30) × 1023 mol-1 
s: adsorption cross section 
V: molar volume of adsorbent gas 
a: molar weight of adsorbed species 
The BET values were measured within a precision of ± 5%. Pore size distributions for 
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micropores and meso- and macropores were calculated from N2 -desorption isotherms 
by differential HK (Horvath-Kawazoe) and BJH (Barrett-Joyner-Hallender) methods 
respectively [38].  
Copper surface area 
Traditionally, metal surface areas are determined by chemisorption of a suitable 
adsorbate. Sinfelt et al. [39] used both carbon monoxide and hydrogen to measure 
copper surface areas although neither adsorbate is thought to provide accurate results. 
O2 chemisorption at low-temperature (-195 or -136 °C) has also been proved to be 
another reliable technique for the Cu surface areas measurement [40], but this method 
is very time consuming. Nevertheless, O2 chemisorption at -130 °C through the pulse 
flow technique, which should be more suitable for routine measurements, has been 
adopted and recently described by Pernicone et al. [41]. However, for catalyst with low 
loadings of copper or catalysts whose support is partially reducible, O2 chemisorption 
may be not accurate [42]. More recently, N2O oxidation method was proved to be more 
accurate method to determine Cu active surface area. The chemical reaction was  
N2O + 2Cu  Cu2O + N2 
Osinga et al. [44] adopted the method of Dell et al..[43] in which nitrogen formed by Cu 
oxidation reaction was determined by freezing out the excess of N2O and measuring 
the residual nitrogen pressure in a conventional volumetric adsorption apparatus. 
Scholten and Konvalinka [45] used both microcatharometric and mass spectrometric 
methods to determine the gas composition in a vacuum apparatus in which reaction 
gases were recycled. Dvorak and Pasek [46] employed a pulsed chromatographic 
method. Evans et al. [47] illustrated the chromatographic technique for determining the 
specific copper surface area of catalysts by reaction with nitrous oxide. The 
application of a single pulse of nitrous oxide in excess of that required oxidizing the 
entire surface copper and a temperature of 90°C has been shown to provide a reliable 
measurement of specific copper surface areas. Antonella Gervasini et al. [48] measured 
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the copper dispersion parameters from the H2-uptakes in the back-titration of the 
oxygen atoms fixed on the Cu particles by the s-TPR analysis. Jensen et al. [49] 
improved Cu-dispersion measurement in catalysts using the N2O oxidation of the Cu 
surface atoms. Instead of monitoring the H2 consumption, N2 that is produced from 
the N2O reduction, was monitored. With the help of the degree of surface and bulk 
oxidation of copper, N2 and N2O measurement by MS can be separated due to a 
continuous measurement, the result leads to a more accurate measurement of the 
copper surface.  
Copper particle size 
There are several ways to determine or compare the copper particle size, e.g. XRD 
and TEM. X-ray scattering is one of the most used techniques to identify 
crystallographic structure, chemical composition, and physical properties of materials 
and thin films. For catalyst characterization, powder diffraction (XRD) is a technique 
used to characterize the catalyst crystallographic structure and crystallite size. Powder 
diffraction is commonly used to identify unknown substances, by comparing 
diffraction data against a database maintained by the International Centre for 
Diffraction Data [50]. The most comprehensive description of scattering from crystals 
is given by the dynamical theory of diffraction. 
The Scherrer Equation is used frequently in powder diffraction [51]. The crystallite size 
of analyzed material, can be calculated by the width of diffraction peaks. The 
equation takes the form: 
 
Where: 
β is the width of the peak at half maximum intensity of a specific phase (hkl) in 
radians 
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K is a constant that varies with the method of taking the breadth (0.89<K<1) 
λ is the wavelength of incident x-rays 
θ is the center angle of the peak, in radians 
L is the crystallite length 
Shishido et al. [52] reported the X-ray diffraction of CuZnO catalyst (Figure 2.11). The 
CuO peaks appear at radian about 37o, 39o and 47o. However, if the Cu is highly 
dispersed, the diffraction may not detect the Cu peak because the particle size is very 
small [53]. Figure 2.12 shows the Cu/Al2O3 catalyst with different copper loading. It is 
obvious that the copper peak is not identified at low Cu loading but becomes 
significant in high Cu loading indicating catalyst with low Cu loading has a good 
copper dispersion. 
 
Figure 2.11 XRD patterns of Cu/ZnO catalysts [52] 
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Figure 2.12 XRD patterns of the Cu/Al2O3 catalysts 
[53] 
Transmission electron microscopy (TEM) is another technique that is used to check 
the metal catalyst particle size and aggregation form. The advantage of TEM is that it 
is true expression of the catalyst (Figure 2.13). The particle size can be measured 
directly comparing to the scale of the TEM graph. Unlike XRD analysis, which 
sometimes can not separate diffraction peaks clearly due to the presence of noise if 
the material was not properly treated, TEM analysis gives a visual understanding of 
the materials. In TEM analysis, a beam of electrons is transmitted through an ultra 
thin specimen, interacting with the specimen as it passes through. An image is formed 
when the interaction of the electrons transmitted through the specimen; the image is 
magnified and focused onto an imaging device, such as a fluorescent screen, on a 
layer of photographic film, or to be detected by a sensor such as a CCD camera [54]. 
The disadvantages of TEM is that it is difficult to reveal the overall view of the 
catalyst and it can not give the average value of particle size. 
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Figure 2.13 TEM images of the Cu nanoparticles [55]. 
SEM (Scanning electron microscopy) can also give a visible understanding of catalyst 
particle but more focus on the expression of crystal form and structure on the surface 
materials (Figure 2.14).  
 
Figure 2.14 SEM photo of Cu/SiO2 catalyst 
[56] 
Copper valence and form in catalyst 
The copper valence and form in the catalyst is important for the understanding of the 
catalyst structure and catalyst composition. The particle crystal type and structure can 
be obtained from the SEM image as described before; however, that is only a 
qualitative estimation. To obtain more precise information of the catalysts compound 
type and valence, XPS, TPR and catalyst oxidation by N2O are used. 
X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that 
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measures the elemental composition, empirical formula, chemical state and electronic 
state of the elements in the material. XPS spectra are obtained by irradiating a 
material with a beam of X-rays while simultaneously measuring the kinetic energy 
and number of electrons of the material being analyzed. XPS is sometimes combined 
with other catalyst characterization technique if necessary such as TPR to give 
additional information of metal states. For instance, it is important to know the copper 
compound stats and valence for copper catalyst, which could strongly affect the 
catalyst behaviors, e.g. activity and selectivity. There is an example of combination of 
XPS and TPR for the Cu catalyst analysis. Batista et al. [57] characterized Cu-Pd/Al2O3 
catalyst by X-ray photoelectron spectroscopy, X-ray induced Auger electron 
spectroscopy (XAES) and temperature-programmed reduction (TPR). 
  
Figure 2.15 Pd 3d XPS and Cu LMM XAES spectra of samples reduced in H2 
atmosphere at 773 K [57] 
Kumar et al. [58] tested the binding energy of Cu/Al2O3 catalyst with different copper 
loading by XPS. The result shows that with increasing weight percent of Cu the 
binding energy (B.E) of the Cu 2+ shifted towards lower energy.  
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Figure 2.16 XPS spectra of the catalysts (a to e: 30% Cu to 10 % Cu) [58] 
Catalysts could have different composition even if the metal ratio is the same. For 
example, for copper on active alumina catalyst, by different catalyst preparation 
methods, the copper exist chemical form maybe different. Copper metal could 
exist as CuO, CuAlO2 or CuZnO in CuZnO/ Al2O3 catalyst. XRD is an identical 
technique that is able to separate copper with different form in the catalyst by 
identifying the different crystal diffraction. Yahiro et al. [59] indentified the Cu, 
CuO and CuAl2O4 phases in the copper on alumina catalyst prepared with 
different calcination temperature by XRD analysis (Figure 2.17) and gave an 
explanation for the catalyst reduction behaviors due to the different copper 
spinels. 
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Figure 2.17  Powder X-ray diffraction patterns of catalysts calcined at (a) 773, (b) 
973, (c) 1073, and (d) 1173 K, (A) before and (B) after the treatment with H2 at 523 K: 
( ) c- Al2O3, (▪) a- Al2O3, (ο) CuO, (∆) CuO, and (•)CuAl2O4. 
[59] 
2.5 LITERATURE OF COPPER CATALYST PREPARATION TECHNOLOGY  
Supported copper catalyst, as a heterogeneous catalyst in hydrogenloysis of glycerol, 
can give different performance with different catalyst preparation technology. 
Empirically, there is a large number of heterogeneous catalysts preparation techniques 
that could be applied to the preparation supported copper catalyst. However, the wide 
number of variables in preparing heterogeneous catalysts can be reduced to a series of 
elementary steps. They show quite strongly marked analogies from one catalyst to 
another and may be described in a general way. For a simple purpose of catalyst 
applied in specific reaction, it is very important to know the catalyst properties that 
affect the reaction process, e.g. reaction condition, reaction rate and environmental 
aspects, final product quantity and selectivity to desired product. For the 
hydrogenolysis of glycerol, the activity of the catalyst, which affects the reaction 
condition and production, the selectivity to desired product, which is propylene glycol 
in this study, and the environmental disposal aspects, should be all considered. 
Therefore, the design of the catalyst is the first question that should be taken up and it 
covers all aspects from choice of the active phases to the method of forming particles 
[68]. The optimum catalyst is the one that provides the necessary combination of 
properties at an acceptable cost. For the copper catalyst used in this study, the activity, 
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selectivity to 1,2-PDO, life time or regeneration times and environmental 
compatibility are the most important properties. The amounts of different components 
(active site, physical and/or chemical enhancer, and supports), shape, size, pore 
volume and pore size distribution and surface area could affect the copper catalyst 
properties. The preparation method .e.g. precipitation, supports, copper loading, 
drying, calcination temperature & time, filtration, catalyst separation & washing, 
catalyst formation and catalyst reduction method are all factors that might influence 
the catalyst properties. 
There are many catalyst preparation methods: impregnation, precipitation, iron 
exchange, adsorption [68], electroless method [56] etc. For supported copper catalysts, 
precipitation and impregnation are the most commonly used method [68, 69, 73, 78, 108 etc]. 
There are many aspects that would affect the catalyst preparation and properties of the 
catalyst and some of the aspects would conflict with each other. However, there are 
rules or optimized condition to maximize the required catalyst properties. 
2.5.1 Precipitation  
Precipitation is one of the most widely used preparation methods and may be used to 
prepare either single component catalysts or supports and mixed catalysts. The factors 
that affect the catalyst properties are various [70]: pH of the liquid phase, solution 
composition, aging time, additives, temperature, mixing sequence, solvent, 
super-saturation level, precipitation agent and anion.  
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Figure 2.18 Factors affecting the main properties of precipitated catalysts [70] 
Precipitation method 
The precipitation method could be classified as single precipitation, co-precipitation 
and deposition-precipitation [68]. For the precipitation, the copper salt solution e.g. 
copper nitrate solution, is precipitated on the existing support such as Al2O3 or SiO2 
with specific precipitating agents [33]. The drawbacks of this method are that the 
incorporation between the metal and support is very strict with the quality of the 
support and the precipitation condition. Co-precipitation [35, 52] is widely selected to 
prepare copper catalyst. It is able to give a better incorporation of metal and support 
than single precipitation method. The use of urea hydrolysis replaced the conventional 
alkali in deposition-precipitation to prepare copper catalyst. Kaushik et al. [73] 
prepared Cu/Al2O3 catalysts by precipitation from a homogeneous solution (PFHS) 
using hydrolysis of urea. It is believed that no gradient in concentration of the 
precipitants in the solution and more homogenous solution was supplied to the 
reaction than traditional precipitation method. The catalyst improved catalytic 
properties for the dehydrogenation of ethanol to acetaldehyde.  
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Precipitation reagents 
The precipitating agents suitable for supported copper catalyst are various but 
ammonia, sodium carbonate, sodium hydroxide and urea are mostly used. The 
advantages of ammonium hydroxide as a precipitant are that the precipitated catalyst 
is easily washed and the ammonium salt is readily decomposed but some of the metal 
could react with ammonia to form a soluble complex at specific condition e.g. pH and 
concentration and thereby reduce the catalyst loading and efficiency; NaOH is the 
conventional precipitating agent but the required washing process could be more 
expensive and cost more time [107]; if sodium carbonate is used as precipitant, the pH 
of the solution is easy to control but a homogeneous solution is more difficult to 
obtain because both carbonate salt and hydroxide salt may be formed. Specific 
organic precipitants could also be used to benefit from the lower calcination 
temperature and get a smaller catalyst particle size. E.g. calcium oxalate can 
decompose at 200 °C, which is a much lower temperature than used normally for  
calcination. Yan Ma et al. [74] used oxalic acid for the preparation of Cu/ZnO/ZrO2 
catalysts and the catalyst has high activity for methanol synthesis.  
Precipitation solution pH value 
The pH value during the precipitation process is very important to the formation of 
the metal particle and the particle size is significantly affected by the pH [71]. For 
CuZn/Al2O3 catalyst, the catalyst produced under acid conditions at the beginning of 
the precipitation is rich in aluminum and deficient in zinc, while at the end, under 
alkaline conditions, the catalyst is low in copper. Under acidic and alkaline conditions 
large particles are produced because of a too fast or too slow precipitation process 
leading to the growth of particle size, but under neutral conditions the particle size is 
much smaller. The optimized pH condition by precipitation is at about 7. During 
co-precipitation the pH has to be adjusted and kept constant.  
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Concentration, temperature and stirring speed during precipitation 
A high concentration of the salt solution poses difficulties for the washing process and 
increases the adsorbed impurities [75]. High concentration can also increase the 
intension and density of the catalyst. Too low concentration is not economical in 
industry. The temperature effect on the catalyst precipitation depends on the required 
catalyst property. Kim et al. [76] showed that a Cu/ZnO catalyst prepared by 
co-precipitation in the tested temperature range between 30 to 80 °C resulted in a 
good dispersion in deionized water with acceptable methanol conversion rate. For 
urea hydrolysis decomposition to prepare Cu/Al2O3 catalyst, 90 °C for the urea 
decomposition is essential [77]. For the precipitation solution stirring, increasing the 
stirring speed can decrease the diffusion layer, enlarge the diffusion factor and 
facilitate the growth of the crystal & crystal cores [78]. When the stirring speed reaches 
a certain value, the crystal grow rate does not change.  
Aging  
Increasing the aging time will increase the catalyst particle size but also increase the 
incorporation of metal catalyst and the support so the catalyst will be more stable. 
Normally, to prepare the same catalyst, co-precipitation needs shorter time than single 
precipitation because the catalyst metal atoms need more time to combine on the 
support. 
Filtration and washing 
Very fine precipitates can cause severe problem in the filtration process because if the 
precipitate is too fine it may pass through the filter or block the filter pores [71]. The 
washing process could be more difficult even when the precipitate cake is satisfactory 
if the particle is too fine. Normally, if the precipitant has a high solubility and low 
decomposition rate, or the precipitant is difficult to decompose at high temperature 
such as NaOH, the washing time should be increased. 
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Drying and calcination 
The drying process removes the water in the catalyst gel and plays a very important 
role of forming the pores in the catalysts. Normally, the drying temperature should not 
affect the catalyst composition and 110~120 °C [64, 72, 73, 74 and 76] is a suitable 
temperature to dry the copper catalyst. Yahiro et al. [59] found that the catalytic 
activity for the Water-Gas-Shift (WGS) reaction over Cu/Al2O3 catalysts was 
dependent on the calcination temperature of the catalysts. The maximum activity was 
obtained for the catalyst calcined at 1073 K, followed by the treatment in H2 at 523 K. 
However, most of the studies investigating glycerol hydrogenolysis by copper catalyst 
use mild condition as 300~450°C depending on the support and additives [34, 36 and 64]. 
Support 
Supported copper catalysts consist of an active atom site dispersed on a support site. 
The catalytic reaction takes place at the internal surface of the catalyst. The selection 
of good supports can provide with relatively high dispersion and high degree of 
thermal stability of the catalytic component [69]. Moreover, the support should enable 
the production of a large shaped particle composed of very small easily sintered 
crystals of active phase which are prevented from coalescing by being separated by 
the support component.  
2.5.2 Impregnation  
Impregnation is another widely used copper catalyst preparation method. For this 
catalyst preparation procedure, a certain volume of solution containing the designed 
active phase is contacted with the support [79 and 80]. Impregnation can be divided into 
two methods of contacting depending on the volume of solution: wet impregnation 
and incipient wetness impregnation. Wet impregnation uses an excess of solution 
when the support has been contacted to the solution for certain time before drying. In 
incipient wetness impregnation the volume of the solution with appropriate 
concentration is calculated to fill the pore volume of the support precisely. The 
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concentration profile of the impregnated compound depends on the mass transfer 
conditions within the pores during impregnation and drying. Normally in laboratory 
experiment, incipient wetness impregnation is more used to give a more reliable 
catalyst metal loading. 
Lo′ pez-Sua′ rez et al. [53] used Cu/Al2O3 catalysts that were prepared by impregnation 
method with different copper loading for soot oxidation and found that the amount of 
the most active Cu2+ species increased significantly with the copper loading from 1% 
to 5% by weight and slightly for higher copper loading. Batista et al. [57] prepared a 
bimetallic Pd-Cu/Al2O3 catalyst by impregnation method and discovered that catalyst 
preparation, in which the alumina support was impregnated first by copper salt, results 
in higher formation of the Pd-Cu alloy. Precipitation and impregnation can be 
combined as two stages preparation process when prepare a bimetallic catalyst. For 
example, Sahibzada et al. [81] prepared the PdO/CuO/ZnO/Al2O3 catalyst by 
impregnation of the precipitate before calcination: the dried precipitate was reslurried 
in dilute Na2CO3 before impregnated with Pd (NO3)2 solution and catalyst showed a 
very good performance on methanol synthesis. 
2.5.3 Ion exchange, adsorption and electroless method 
Ion exchange [82] is a catalyst preparation method where an ion with an electrostatic 
interaction is replaced on the surface of a support by another ion species. Adsorption 
[83] allows ionic species from aqueous solution attracted electrostatically by charged 
sites on a solid surface. Only limited previous work has studied on the preparation of 
copper catalyst by ion exchange and adsorption method. The electroless method is an 
oxidation reduction chemical deposition reaction, which can deposit certain metals on 
a substrate without an external electrical source. Shiau et al. [56] Cu/SiO2 catalysts 
prepared by an electroless deposition method were investigated and compared with 
those by an impregnation method and the calcined Cu/SiO2 catalyst prepared by 
electroless method exhibits better reaction activities than the fresh electroless catalysts 
and catalyst prepared by impregnation because of its smaller Cu particle size.
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CHAPTER 3 HYDROGENOLYSIS OF GLYCEROL: PRELIMINARY STUDY 
IN BATCH REACTOR 
SUMMARY 
The aims of this chapter were to study the selective catalytic hydrogenolysis of 
glycerol, identify the products, and establish the analytical methods. The investigation 
has been performed in a batch reactor with Raney catalysts (Cu, Ni and Co) and Ru /C.  
Both liquid and gas product were analyzed. The effect of physical parameters such as 
stirring speed was tested and reaction kinetics over Raney copper were determined to 
be overall 1st order. The results show that the activity of catalysts was Raney cobalt > 
Raney nickel > Ru/C > Raney copper and the selectivity to 1,2-PDO was Raney 
copper > Raney cobalt > Raney nickel > Ru/C. Raney copper achieved 95 % 
selectivity to 1,2-PDO. The main by-products were found to be ethylene glycol, acetol, 
methanol, propanols, ethanol and gaseous product such as methane and CO2. Raney 
cobalt, Raney nickel and Ru/C produced very high gas yield; in contrast Raney copper 
produced much less gaseous product. 
Key words:  Raney Copper, Raney Cobalt, Raney Nickel. Ru/C, glycerol, 
hydrogenolysis, 1, 2-PDO 
3.1 INTRODUCTION 
This chapter describes the preliminary work carried out at the beginning of the 
investigation. It comprises two aspects: the establishment of the analytical protocols 
for liquid and gas products, and a series of batch reactor experiments exploring the 
behavior of different catalysts in the hydrogenolysis of glycerol. Table 3.1 contains a 
description of the catalysts studied. Raney catalysts were supplied by Evonik Degussa. 
Ru/C was purchased from Sigma Aldrich. All the experiments were performed in a 
300ml Parr reactor operated in the batch mode. 
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Table 3.1 List of catalysts 
Abbreviation Description Composition/ %wt 
RNi Raney Nickel - 
RCo Raney Cobalt - 
RCu Raney Copper - 
Ru/C Ru on active carbon (Alfa) 5% Ru 
3.2 EXPERIMENT PROCEDURE AND METHODOLOGY 
3.2.1 Catalyst pretreatment 
The catalysts in Table 3.1 can be divided into two types: Raney catalysts which are 
stored in water and metals supported on carbon. Raney catalysts are stored in water to 
avoid oxidation. The catalyst handling method was based on the information supplied 
by Degussa. According to “Handling Procedures for Degussa’s Activated Base Metal 
Catalysts and Metalyst”, the procedure was: 
Overfill a pycnometer (also known as a specific gravity bottle) with distilled water, 
place the stopper in the pycnometer so that there are no bubbles in it, excess water 
was wiped off and weighed. The weight was recorded as MH2O. The water was poured 
out after the stopper was removed. Raney catalyst suspension was added, and then 
enough DI water was added to the pycnometer so that it was overfull. The stopper was 
placed in the pycnometer without leaving bubbles to wipe off the excess water. Then 
the pycnometer was weighed, and the weight was recorded as MS. The dry mass of 
the catalyst was calculateed (MCat) by equations 1 and 2. 
Equation 1  MCat = k × (MS - MH2O) 
Equation 2  k = d / (d - 1) 
Where: 
MH2O = the weight of the container with the defined volume of water. 
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MS = the weight of the container with the defined volume of Raney catalyst 
suspension and water. 
MCat = The calculated dry weight of the Raney catalyst. 
k = the skeletal density correction factor.  
This accounts for the volume of water displaced by the catalyst solids. k is calculated 
by equation 2 where d is the true catalyst density. For activated nickel catalysts, 
activated cobalt catalysts and activated copper catalysts, k is equal to 1.167 and d is 
equal to 7.0 g/cc. This density information was given by Dr. Thomas Quandt from 
Evonik Degussa.  
3.2.2 Experiment procedure 
32g glycerol was weighed and water was added until 150 ml. The weight of this 
solution was 156 g so the concentration of glycerol solution was 20 wt%. All catalysts 
tested were pretreated as described above. Solution and catalysts all were put into the 
batch reactor (Parr 300mls). The reactor was well sealed and charged with N2 until 
1000 psi then released. Charging and releasing for 3 times were repeated to eliminate 
oxygen in the reactor. Then the reactor was charged with H2 and released for 3 times 
to eliminate N2. Timing was started when the temperature had reached to the set value. 
The whole samples were taken for analysis at 2 hour, 4 hours, 6 hours and 24 hours 
after the reaction was completed. As no intermediate sampling was taken, so each 
reaction run had only one liquid sample and one gas sample. Gas samples were taken 
at the end of reaction when the reactor had been cooled down to room temperature. 1 
ml of gas was taken though the gas sampling port by gas syringe then injected to GC 
with FID and GC with TCD detector for gas analysis. The final liquid sample was 
taken from the reaction mixture after cooling and depressurization. The liquid sample 
was first poured in centrifuge tube then the centrifuge tube was centrifuged at 5000 
RPM for 5 minutes to remove the suspended catalysts in the liquid. 0.5g Internal 
Standard (1-pentanol) was added into the whole liquid sample. 0.05ml sample was 
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taken and added into a 2 ml GC vial then 1 ml DI water was added to dilute the 
sample. The concentration of the liquid sample was about 1 wt%. 
 
Figure 3.1 Parr Batch Reactor (Parr 300 ml) 
3.2.3 Liquid analysis 
The column of the GC for liquid analysis was DB-FFAP with lenght of 32m, film 
thickness of 0.5µm and inner diameter of 0.32 mm. The carrier gas was helium, the 
pressure was 48.6 KPa. Total flow rate was 40.5 ml/min. The initial column 
temperature was 40 oC and the temperature increases with a rate of 10 oC/min. The 
injection temperature was 240 oC and FID temperature was 250 oC. Figure 3.2 show a 
representive GC result using 1,4-butandiol as an internal standard. However, after a 
few runs of analysis, resistant peak of 1,4-butandiol was found so the internal 
standard was changed to 1-pentanol. Figure 3.3 shows a representive GC results using 
1-pentanol as an internal standard. 
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Figure 3.2 GC analysis of liquid product (internal standard: 1,4-butandiol) 
 
Figure 3.3 GC analysis of liquid product (internal standard: 1-pentanol) 
A blank reactor run was done using 20 %wt glycerol without catalyst to test the 
carbon balance. The balance was 100%. 
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To evaluate the possible loss of material (glycerol or product) in the reactor head, the 
top of the reactor was washed and the washed water was analyzed after a run with 
Raney Cu catalyst at 200 oC. There was less than 0.5% of the total mass of product in 
the top, although as might be expected it had a more significant proportion of the 
lighter product, e.g. methanol. In the following reaction, the washing liquid was 
included in the product analysis. 
Table 3.2 Material detected in the head washings  
Sample sections Glycerol /g 1,2-PDO/g Ethylene glycol/g MeOH /g 
Mass in the liquid 16.3 2.2 1.1 0.0061 
Mass in the head 0.09 0.01 0.001 0.00069 
3.2.4 Gas Analysis  
The analysis was done on a Shimadzu 14B with TCD. The column was Porpak Q; 
length was 3m and inner diameter was 4.00mm ID. Carrier gas was helium. The 
column temperature was kept at 35 oC. The gas analysis results given were obtained 
with TCD. 1ml of gas sample was injected in the GC. 1ml of calibration gas (CO, 
CO2, Methane and Ethane) with known volume concentration of each was used as a 
standard for gas calibration. The volume of the gas under normal pressure was 
calculated from the volume and the cold pressure of the gas in the reactor. The total 
gas volume in the reactor was determined by expansion into a vessel with a known 
volume noting the pressure loss. 
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Figure 3.4 GC analysis of calibration gas 
3.3 HYDROGENOLYSIS OF GLYCEROL WITH Ru/C  
As many studies have investigated Ru/C as an interesting catalyst for glycerol 
hydrogenolysis [21,22,23,24,37], so in this chapter 5% Ru/C catalyst was used as a 
reference catalyst to compare the Raney catalyst performance on glycerol 
hydrogenolysis. 
3.3.1 Catalyst activity 
The activity of Ru/C as expressed by the conversion is given in Figure 3.5. The 
reaction condition was 200oC, 1000RPM, 300 psi cold hydrogen pressure, 1.5 g 
catalyst and 2, 4, 6 and 24 hours reaction time. As the temperature increased during 
the reaction, the pressure increased accordingly and the pressure at 200oC was about 
500 psi. These are similar reaction conditions compared to the work reported by 
Kusunoki (2005) et al. [22]. Due to the production of gas such as methane, CO2 & 
ethane, and the excessive amount hydrogen, the cold pressure after reaction did not 
decrease so much. 
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Figure 3.5 Glycerol vs. reaction time (200oC, 300psi, 1000RPM) 
The experiment error for glycerol conversion is about + 2 %. 
3.3.2 Catalyst selectivity 
The main products from hydrogenolysis of glycerol were 1,2-PDO, ethylene glycol, 
acetol and gas. Small amounts of methanol, propanol and ethanol were also detected. 
Ru/C gives very high acetol & ethylene glycol selectivity and significant gas 
production. The main gas products were methane, CO2 and ethane. Methane is the 
main gas product; the CO2 level was also high. Miyazawa et al. 
[24] gave a similar 
selectivity to 1,2-PDO (26%) but did not present the acetol production and gas. The 
high production of C1 and C2 compounds such as CO2, methane and ethylene glycol 
indicates high hydrocracking performance of Ru/C in glycerol hydrogenolysis [24, 64]. 
Figure 3.6 gives the selectivity to products vs. reaction time. The selectivity to 
1,2-PDO and acetol increased steadily with conversion but ethylene glycol decreased 
rapidly with conversion. The selectivity to gas did not change so much. 
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Table 3.3 Hydrogenolysis of glycerol - Product selectivity 
200oC, 1000RPM, 300 psi cold hydrogen pressure, 1.5 g catalyst and 24 hours, the experiment error for glycerol 
conversion is + 2 % and the selectivity error is + 3% 
Name Ru/C  C/mole % 
1,2-PDO 26.3 
Ethylene glycol 16.9 
Actol 30.3 
1-propanol 0.2 
Methanol 1.8 
Ethanol 3.5 
CO2 8.0 
CH4 9.4 
C2H6 3.5 
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Figure 3.6 Product yield vs. reaction time Ru/C  
200oC, 1000RPM, 300 psi cold hydrogen pressure, 1.5 g catalyst and 24 hours, the yield error is + 2% 
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3.4 GLYCEROL CONVERSION BY RANEY CATALYSTS 
3.4.1 Catalyst activity 
The activity of the catalysts expressed by the conversion, is given in Figure 3.7. 
Raney cobalt was the most active catalyst. Raney Ni had a similar activity to Raney 
cobalt, and Raney Cu is the least active. 
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Figure 3.7 Glycerol Conversion vs. reaction time  
200oC, 1000RPM, 300 psi cold hydrogen pressure and 1.5 g catalyst, the glycerol conversion error is + 2 % 
3.4.2 Catalyst selectivity 
The main products from hydrogenolysis of glycerol were 1,2-PDO, ethylene glycerol, 
acetol and gas. Small amounts of methanol, propanol and ethanol were also detected. 
Raney Ni gave a high yield of ethylene glycol and gas production indicating the high 
carbon bond breaking activity of Ni catalyst. Raney Co also gave high ethylene glycol 
and gas yield.  
The main gas products were methane, CO2 and ethane. Raney Nickel produced large 
amounts of methane and CO2. For Raney cobalt and copper, CO2 was the main gas 
product – although the total gas production for Raney Cu was very low. This is 
consistent with the known hydrogenation activities. It is assumed that the CO2 came 
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from reforming of the lighter liquid products [24]. 
Table 3.4 Hydrogenolysis of glycerol  
200oC, 1000RPM, 300 psi cold hydrogen pressure, 1.5 g catalyst and 24 hours, the yield error is + 2 % 
Name RNi RCo RCu  
1.2-PDO 18.3 27.9 25.2 
ethylene glycol 7.9 5.5 0.8 
acetol 3.4 1.2 0.21 
1-propanol 0.32 0.79 0.14 
2- propanol 0 0 0 
methanol 1.26 1.8 0.05 
ethanol 2.96 0.59 0.07 
CO2 2.9 1.3 0.4 
CH4 1.8 1.8 0.02 
Yield % 
C/mole 
C2H6 0.39 0.19 0 
The product selectivities are plotted in Figures 3.8~3.10. It is obvious that the Raney 
Cu catalyst gave consistently the highest 1,2-PDO selectivity and very low gas 
production.  
Raney nickel 
The yields to 1,2-PDO and acetol increased steadily with time. Ethylene glycol and 
gas increased slowly with reaction time. 
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Figure 3.8 Product yields vs. reaction time RNi 
200oC, 1000RPM, 300 psi cold hydrogen pressure and 1.5 g catalyst, the yield error is + 2 %  
Raney Co 
The yield to 1,2-PDO, acetol, gas and ethylene glycol increase steadily with reaction 
time. 
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Figure 3.9 Product yields vs. reaction time RCo 
200oC, 1000RPM, 300 psi cold hydrogen pressure and 1.5 g catalyst, the yield error is + 2 %  
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Raney Copper 
The yield to 1,2-PDO increased rapidly at the beginning then increase steadied with 
reaction time. In contrast, the yield to gas increase fast at the beginning (mainly 
methane) but increase slowly after 6 hours reaction. 
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Figure 3.10 Product yields vs. reaction time RCu 
200oC, 1000RPM, 300 psi cold hydrogen pressure and 1.5 g catalyst, the yield error is + 2 %  
The selectivity to 1,2-PDO with Raney Cu remained about 92%+ throughout the 
reaction. Dasari et al. [21] compared Raney Cu and Raney Ni catalyst for glycerol 
hydrogenolysis, and showed only 70% selectivity to 1,2-PDO by Raney copper under 
at 200oC, 200 psi hydrogen pressure using a 80 wt % glycerol solution, yet still 
exhibiting a higher selectivity to 1,2-PDO than Raney Ni (60%). Perosa et al. [124] 
gives a similar selectivity to 1,2-PDO by Raney nickel catalyst as this study. Pagliaro 
et al. [125] claimed that 1,2-PDO was the main product of the hydrogenolysis of 
glycerol by Raney Cu catalyst but did not specify the value. 
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3.4.3 Test of physically mixing of Raney Cu and Raney Ni 
Raney Ni gave a good conversion of glycerol and Raney Cu gave high selectivity to 
1,2-PDO. The bimetallic Raney Cu-Ni or Cu-Co catalysts became interesting catalysts. 
Hence, the idea was to know whether there is a cooperative function of Cu and Ni 
catalysts by physically mixing the two catalysts in the hope that there would be some 
mutual transfer of metal from one catalyst to another by physical contact or by 
chemical attrition. This is to give initial information of bimetallic catalyst (Chapter 7). 
0.8 g of each catalyst was added and the experiment was performed at 200oC and 300 
psi cold hydrogen pressure for 24 hrs. The result in Table 3.5 shows that the catalysts 
worked independently.  
Table 3.5 Mixed Raney Cu and Raney Ni 
200oC, 1000RPM, 300 psi cold hydrogen pressure, 1.5 g catalyst and 24 hours, the yield error is + 2 % and 
conversion error is + 2 % 
Name 
Time  
h 
Weight cat   
g 
Conversion  
% 
Selectivity to 1,2-PDO       
% C mole 
RNi  24 1.5 43 41 
RCu  24 1.6 26 92 
RNi+RCu 24 0.8 each 40 52 
3.4.4 Effect of addition of hydrogen 
The effect of hydrogen addition to maintain near constant reaction pressure was 
investigated. All experiments were performed at 200oC and 300 psi cold hydrogen 
pressure. Hydrogen addition did not have a large effect on the conversion for Ni and 
Cu. Selectivity to 1,2-PDO decreased for Co by H2 addition (Table 3.6). Details of the 
other products are in Appendix 9. 
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Table 3.6 Effect of hydrogen addition 
200oC, 1000RPM, 300 psi cold hydrogen pressure, 1.5 g catalyst and 24 hours, the selectivity error is + 3 % and 
conversion error is + 2 % 
Name 
Conversion % 
C mole 
Selectivity 1,2-PDO    
% C mole 
RNi(+H2) 41 39 
RNi 42 43 
RCo(+H2) 60 52 
RCo 43 61 
RCu(+H2) 41 86 
RCu 44 85 
3.5 PARAMETRIC AND KINETICS STUDY 
Experiments were performed to test the stirring speed effect. Stirring speed was set at 
500 RPM, 750 RPM and 1250 RPM and all the other reaction condition for the three 
runs were the same. The impact of mass transfer was tested by Raney Ni and Ru/C 
catalysts. Three experiments were performed for each catalyst and three different 
weight of each catalyst were added.  
Reaction kinetics was measured with Raney nickel and Raney copper catalyst. 
Reaction time was varied with Raney Ni to achieve different conversion to determine 
the apparent reaction order. Three different reaction temperatures were selected for 
Raney copper runs and for each reaction the conversions was measured by varying 
reaction time to determine the activation energy.  
3.5.1 Stirring speed 
The influence of stirring speed was tested using Ru/C as this was the most active 
catalyst. There was no significant dependence on stirring speed (Table 3.7). 
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Table 3.7 Influence of stirring speed on Ru/C 
200oC, 1000RPM, 300 psi cold hydrogen pressure, 1.5 g catalyst and 24 hours, the conversion error is + 2% 
Catalyst 
Stirring speed 
/RPM 
Conversion 
/% Cmole 
Ru/C 500 35 
Ru/C 750 37 
Ru/C 1250 35 
3.5.2 Mass transfer 
Conversion increased with catalyst mass. Using data from Raney Ni and Ru/C, plots 
of 1/average rate versus 1/(cat weight) were approximately linear through the origin 
indicating a minimum interference from gas to liquid mass transfer effects [107].  
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Figure 3.11 1/ average rate vs 1/catalyst weight for Raney Ni  
200oC, 1000RPM, 300 psi cold hydrogen pressure, 1.5 g catalyst and 24 hours, the rate error is + 2% 
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1/Wc vs.1/average rate Ru/C
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Figure 3.12 1/ average rate vs 1/catalyst weight for Ru/C 
200oC, 1000RPM, 300 psi cold hydrogen pressure, 1.5 g catalyst and 24 hours, the rate error is + 2% 
3.5.3 Reaction kinetics 
Reaction order 
The apparent reaction order and apparent rate constant was determined for Raney 
nickel and Raney copper catalysts. –ln (1-conversion of glycerol) was plotted with 
reaction time and it was found that the conversion followed approximately overall 
first order kinetics. 
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Overall  first order (Raney Ni)
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Figure 3.13 Overall first order kinetics for Raney Ni 
200oC, 1000RPM, 300 psi cold hydrogen pressure and 1.5 g catalyst, the conversion error is + 2% 
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Figure 3.14 Overall first order kinetics for Raney Cu 
190, 200 and 210oC, 1000RPM, 300 psi cold hydrogen pressure and 1.5 g catalyst, the conversion error is + 2% 
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Apparent activation energy 
Three different temperatures were selected and each temperature has four different 
conversion points by varying the reaction time. Apparent activation energy over 
Raney copper catalyst was determined to be 84 kJ/mol. Guo et al. [102] also reported a 
overall first order reaction in a batch reactor with Cu/Al2O3 catalyst. Chiu et al. 
[126] 
carried out the glycerol hydrogenolysis in the vapor phase with copper-chromite 
catalyst, and claimed that the order of the glycerol hydrogenolysis to 1,2-PDO was 
zero and the activation energy was determined to be 25.35 kJ/mol. They assumed that 
strong adsorption of glycerol reduced the apparent reaction order. 
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Figure 3.15 Sketch showing temperature dependency of reaction rate Raney copper 
190, 200 and 210oC, 1000RPM, 300 psi cold hydrogen pressure, 1.5 g catalyst and 24 hours 
3.6 CONCLUSION 
In this study, Raney Cu, Raney Cobalt, Raney Nickel and Ru/C catalyst were tested in 
a series of batch reactor runs with a 20 wt % glycerol solution. Ru/C, Raney Cobalt 
and Raney nickel were found to be very active catalysts but they gave high gas 
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product (mainly methane and CO2) and relatively low selectivity to 1,2-PDO. Raney 
Cu catalyst was identified as having high selectivity to 1,2-PDO with low gas yield. 
Higher reaction temperatures, in the present study between 190-210oC, favored the 
production of 1,2-PDO. Addition of hydrogen does slightly effect the reaction. Mixed 
Raney Ni and Raney Copper catalyst worked independently. The apparent reaction 
order was determined to be overall first order and the apparent activation energy of 
glycerol hydrogenolysis was estimated to be 84kJ/mol with Raney copper. 
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CHAPTER 4 HYDROGENOLYSIS OF GLYCEROL: CONTINUOUS REACTOR 
STUDIES 
SUMMARY 
The aim of this chapter was to study the activity & selectivity to 1,2-PDO of catalysts 
in a continuous fixed bed reactor and select the most interesting catalyst for further 
investigation and modification. The network of glycerol hydrogenolysis was also 
investigated. Hydrogenolysis of glycerol to 1,2-PDO was performed with Cu/Al2O3, 
Co/Al2O3, Ni/Al2O3 and Ru/C. XRD and TPR analyses were carried out to check the 
metal dispersion of the catalysts. The results show that Ru/C was the most active 
catalyst but had the lowest selectivity to 1,2-PDO. Cu/Al2O3 was the most selective 
catalyst to 1,2-PDO. A parametric study of Cu/Al2O3 catalyst was performed and the 
reaction kinetics was investigated. The network of glycerol hydrogenolysis by 
Cu/Al2O3 catalyst was also investigated. 
Key words: glycerol, hydrogenolysis, 1,2-PDO, copper, cobalt, nickel, ruthenium, 
4.1 INTRODUCTION 
This chapter describes a study of different catalysts performance in the 
hydrogenolysis of glycerol. Copper, cobalt, nickel and Ru catalysts reported in the 
previous chapter were further investigated in a continuous reactor. The results for 
other tested catalysts in continuous reactor are in Append 7. The continuous reactor is 
a trickle bed reactor. It is considered to be an efficient reactor for performing catalytic 
reactions [99], where multi phases are present. XRD and TPR analysis was performed 
to check the catalyst structure and dispersion. The reaction network of glycerol 
hydrogenolysis is also studied at the end of this chapter. 
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4.2 EXPERIMENTAL PROCEDURE AND METHODOLOGY 
4.2.1 Catalyst preparation and pre-treatment 
Cu/Al2O3 was prepared by the co-precipitation method: An ammonia solution and an 
aqueous solution of Cu(II) & Al(III) nitrates was prepared with the required Cu2+/Al3+ 
ratios (Cu(NO3)2 2.5H2O and Al(NO3)3 10 H2O). They were transferred into two 
separating funnels. Both of the solutions were added drop wise to a beaker containing 
800 mL of distilled water under vigorous stirring. The addition of both solutions was 
controlled by monitoring pH (6.5~7.0) with a pH electrode immersed in the solution. 
The resulting solution was aged for 10 minutes at 25 oC with vigorous stirring. Then 
the precipitate was filtered, washed 3 times with DI water and oven dried at 120 oC 
for 12 h, and subsequently calcined at 400 oC for 3 h in static air. The actual copper 
loading of Cu/Al2O3 was determined by ICP analysis by dissolving the catalyst in the 
acid for the concentration determination by ICP. Co/Al2O3 and Ni/Al2O3 were 
obtained from a commercial source (Johnson Matthey). Ru/C was purchased from 
Sigma Aldrich. The catalysts were ground and selected by the particle size between 
300 to 600µm by sieving, except Ru/C which was in powder form, and 3g of the 
catalyst was diluted with silica carborundum with a particle size between 600 to 
800µm to 10ml then put into reactor. The catalyst was reduced in 20 % hydrogen in 
nitrogen with a flow rate of 40ml/min with different reduction method (Table 4.1) 
before launching the reaction. 
Table 4.1 Catalyst reduction method 
Name 
Metal  
%wt 
Rate 
o
C/min 
Temperature         
o
C 
Time  
min 
Cu/Al2O3 19 %Cu 2 250 180 
Co/Al2O3 4% Cobalt 2 400 180 
Ni/Al2O3 4%Nickel 2 400 180 
Ru/C 5% Ru 2 200 180 
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4.2.2 Hydrogenolysis of glycerol  
The glycerol hydrogenolysis was performed in trickle-flow, fixed bed reactor. The 
advantages of trickle flow are uniform distribution of gas and liquid, high energy 
efficiency and low resistance to the gaseous reactant diffusion to the reactor [99]. The 
reactor is based on a 12.5mm o.d. stainless steel tube of length 250mm. In the present 
study, the reactor was heated electrically. Inlet lines are trace heated. The catalyst load 
is three grams excluding diluents. With diluents the total catalyst volume was 10ml. 
Product liquid was separated from the reactor exit gas in two cooled gas-liquid 
separators in series (150 ml and 1500ml). The first is of smaller volume and can be 
by-passed. A wet gas meter or bubble meter measured the total exit gas flow. The 
system was fitted with data-logging capability via an interface unit which also 
provided the trace heating power and the pressure, temperature and gas detector 
alarms. Analysis of liquid and gas was carried out off-line. Liquid samples were 
obtained by draining the gas-liquid separators. The standard reaction conditions are 
200 oC, 30 bar hydrogen pressure, catalyst weight per hour space velocity (WHSV) of 
4 and 20wt % glycerol feed condition. Liquid flow was 0.2ml/min. The temperature, 
WHSV, pressure and glycerol concentration were changed individually in the 
parametric test. Table 4.2 summaries the standard conditions of glycerol 
hydrogenolysis in the trickle bed reactor. 
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Table 4.2 Standard condition of glycerol hydrogenolysis 
Reaction temperature (oC) 200 
Pressure (bar) 30 
Hydrogen flow rate (ml/min) 470 
Liquid flow rate (ml/min) 0.2 
Catalyst bed volume (ml) 10 
Catalyst weight (g) 3 
Catalyst particle size (μm) 300~600 
Glycerol concentration (wt %) 20 
WHSV (g liquid flow/g catalyst/ hour) 4 
LHSV (ml liquid flow /ml catalyst bed/ hour) 1.2 
 
Figure 4.1-a Trickle flow and gas-phase reactor 
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Figure 4.1-b Trickle flow and gas-phase reactor 
At the standard reaction conditions, all the water of the feed was estimated to be in the 
gas phase so the liquid flow was assumed to be only glycerol. The estimated partial 
pressure of water and hydrogen is given in Table 4.13. In order to confirm that the 
conditions of the study were in trickle flow, the flow-regime was evaluated. Sato et al. 
[84] presented a summary of the flow – pattern boundaries shown in Figure 4.2. They 
showed that the values of Glλψ/Gg, and Gg /λ can determine the flow type (trickle, 
spray and pulsed flow) by fitting in the experiment data relative to air/water. 
λ = [ρg* ρl / (ρwater* ρair)] 
0.5 
ψ = σwater*σl [µl / µwater * (ρwater / ρl)
2 ] 0.33 
Where ρ is the density in kg/m3, σ is the surface tension in N/m, µ is the viscosity in 
pa-s and G is the superficial mass velocity in kg/m2/s. Glλψ/Gg, and Gg /λ were 
calculated to be 7.4 and 0.01 respectively according to the data in Table 4.3. The data 
indicates that the reactor was operated in the trickle flow regime (Figure 4.2) at the 
standard condition (Table 4.3). 
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Figure 4.2 Flow-regime boundaries and standard condition regime [84] 
Table 4.3 Flow parameters at standard condition 
Name 
µ     
pa-s 
σ  
N/m 
ρ 
kg/m3 
G    
kg/m2/s 
glycerol 1.5 0.053 1260 0.005 
water 0.000135 0.046 1000 - 
Hydrogen + water (gas) - 0.053 5.2 0.026 
air - 0.046 1.23 - 
4.2.3 Method of analysis 
Both liquid and gas samples were analyzed during the reaction. Liquid samples were 
taken at 3, 4, 6, 8, 16 and 24 hours time-on-stream. Each liquid sample that 
accumulated in one hour time was collected. The first sample was the sample taken 
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from accumulation between 3 hours to 4 hours. 0.03g of 1-pentanol was added into 
the liquid sample. Then 0.05 ml of the 1-pentanol mixed sample was transferred in a 2 
ml GC vial. 1 ml of DI water was added into the GC vial to dilute the sample, so the 
sample was diluted approximately 20 times and the concentration of sample was 
about 1% by weight. Gas sample was analyzed by both TCD and FID detector. No 
significant CO2 was detected by TCD although CO2 was detected in the batch reactor 
work in the previous chapter. 
Table 4.4 GC program 
Rate  
o
C/min 
Column Temperature  
o
C 
Hold time 
min 
- 60.0 5.00 
10.00 220.0 30.00 
4.2.4 Catalytic reaction of acetol, ethylene glycol and 1,2-PDO 
This experiment was carried out for the investigation of glycerol hydrogenolysis 
network. 10% wt of acetol, ethylene glycol and 10% wt of 1,2-PDO solution were  
separately reacted in the continuous fixed bed reactor (Figure 4.1). Cu/Al2O3 was the 
tested catalyst at standard reaction condition (Table 4.2). Both liquid and gas samples 
were taken at 8 hour time-on-stream and analyzed by GC. 
4.2.5 Catalyst Characterization 
X-ray diffraction of the catalysts was recorded in a Seifert powder diffractometer, 
using CuKα radiation. Spectra were registered between 20 and 80o (2θ) with a step of 
0.02o and a time per step of 3s. 
Temperature programmed reduction was performed with 10% hydrogen in nitrogen. 
The total flow rate was 20 ml/min. The catalyst was heated from 25 oC to 700 oC at 10 
oC/min rate and the H2 consumption was monitored with a MS detector. CuO has been 
used as a reference sample to quantify the hydrogen consumption. 
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4.3 RESULTS AND DISCUSSION 
4.3.1 Catalyst characterization 
X-Ray diffraction  
Cu/Al2O3 and Co/Al2O3 are highly dispersed catalyst on alumina support and the 
particle size is small (<5na by Sherrer equation); the particle size of Ru/C and 
Ni/Al2O3 are relatively large (Figure 4.3). 
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Figure 4.3 XRD of fresh catalyst 
TPR 
The Ru/C was pre-reduced as received from the company and there was no significant 
hydrogen consumption detected. Figure 4.4 shows the TPR and reduction 
temperatures as noted in Table 4.5. 93 % of CuO was reduced according to the 
stoichiometry calculation assuming all the Cu in Cu2+. The reducibility of Co catalysts 
was low and the reason could be that the catalyst was pre-reduced and not completely 
oxidized; the well dispersed Co catalyst with small Co particle size was difficult to be 
reduced [100, 101]. The real reducibility can be achieved by carrying out pre-oxidation of 
the catalyst before TPR analysis. 
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Figure 4.4 TPR analysis of catalysts (Co/Al2O3, Cu/Al2O3 and Ni/Al2O3,) 
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Table 4.5 Parameters of TPR analysis 
Catalyst 
Tmax   
o
C 
Treduction  
o
C 
H2 consumption   
mole/g metal 
Reducibility  
% 
Co/Al2O3 385 400 0.017 74 
Cu/Al2O3 250 250 0.015 93 
Ni/Al2O3, 400 400 0.014 83 
* Based on Co3O4, CuO and NiO, the error for reducibility is + 5 % 
4.3.2 Glycerol hydrogenolysis 
All the reactions were performed at the standard condition (Table 4.2) in the fixed bed 
reactor. Figure 4.5 gives the glycerol conversion for time-on-stream up to 24 hours 
and provides a comparison of the catalyst activity. The reaction system took about 
three hours to get stabilized so the first three hours samples were not useful and 
discarded. At 8 hours time-on-stream the catalyst all reached steady-state so the data 
were mostly compared using the sample at 8 hours time-on-stream. Ru/C is the most 
active catalyst. Ni and Co have similar activity and are less active than Cu/Al2O3.  
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Figure 4.5 Glycerol conversions vs. time-on-stream  
200oC, 30 bars, 470ml/min gas flow and 4WHSV, the conversion error is + 2% 
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Table 4.6 gives the catalyst activity comparison. The catalyst activity decreases in the 
order Ru/C>Cu/Al2O3>Co/Al2O3>Ni/Al2O3. Based on metal weight, the sequence is 
Ru/C>Co/Al2O3>Ni/Al2O3>Cu/Al2O3. This is a similar result compared to Chapter 3. 
4 % Co were believed to be well-dispersed. Cu/Al2O3 is shown to be well dispersed at 
18% copper loading. The carbon balance of all the reaction is 95% +. 
Table 4.6 Comparison of catalysts activity 
200oC, 30 bars and 4WHSV, conversion used data from 8 hours time-on-stream, the conversion error is + 2% 
Catalyst Metal 
Loading % 
Conversion  
% 
–ln(1-conversion) Rate/g catalyst metal 
weight 
Ru/C 5 68 1.14  7.60  
Cu/Al2O3 18 36 0.45  0.78  
Co/Al2O3 4 18 0.20  1.65  
Ni/Al2O3 4 9 0.09  0.79  
The main products of glycerol hydrogenolysis are 1,2-PDO, ethylene glycol, acetol, 
propanols, ethanol, methanol and gas which was mainly methane and ethane detected 
by FID ( Table 4.7). No significant CO2 product was observed by TCD (methane and 
ethane were not detected by TCD either because of their low concentration). However, 
TCD is not sensitive to detect very low concentration of CO2 in the gas stream so 
there may be CO2 formed from reforming 
[131] during the reaction. Acetol acts as the 
intermediate between glycerol to 1,2-PDO [61]. C1 compounds, such as methanol and 
methane, were assumed original mainly from carbon cracking processes such as 
glycerol to ethylene glycol and C1
 [24]. Ru/C shows low selectivity to 1,2-PDO, about 
29% , and also produced more lower alcohols, e.g. ethylene glycol, methanol and 
gases, e.g. methane. Therefore, Ru/C shows high carbon cracking of the C-C rather 
than C-O bonds. Moreover, Ru/C gives the lowest production of acetol which shows 
its high hydrogenation activity compared to other catalyst. The result of Ru/C matches 
the batch reactor results in Chapter 3. The Co/Al2O3 selectivity to 1,2-PDO is 
relatively high compared to Ru/C and Ni/Al2O3 but lower than that of Cu/Al2O3 and 
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large mount of methane was detected for Co/Al2O3. Methane could be from the low 
alcohols carbon cracking in the presence of Co/Al2O3 catalyst, or formed via 
methanation [132]. Ni/Al2O3 is the lowest active catalyst and the selectivity to 1,2-PDO 
is in between Ru/C and Co/Al2O3. Compared to Co/Al2O3, more ethylene glycol was 
produced and less methane was generated. Cu/Al2O3 catalyst showed very high 
selectivity to 1,2-PDO and low production of ethylene glycol and gas. This high 
selectivity matches the results given in Chapter 3, where Raney copper exhibited a 
very high selectivity to 1,2-PDO. The high selectivity to 1,2-PDO is also very close to 
the selectivity to 1,2-PDO (94%) with a Cu/Al2O3 catalyst in batch reactor presented 
by Guo et al. [102] , and the selectivity to 1,2-PDO (95%) with Cu/Al2O3 catalyst 
presented in WO2007/099161[87]. As the Cu/Al2O3 catalyst produced much fewer 
lower carbon compounds compared to other catalysts, it shows low C-C cracking 
activity. Cu/Al2O3 catalyst showed a higher acetol selectivity than the other catalysts 
so showed a lower hydrogenation rate compared to the other catalysts. The 
hydrogenation rate of Cu/Al2O3 is still much higher than the dehydration rate because 
the Cu/Al2O3 catalyst had a selectivity to acetol of only 2.3%. Cu/Al2O3 is the most 
interesting catalyst because of its high selectivity and was selected for further studies. 
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Table 4.7 Selectivity of glycerol hydrogenolysis  
200oC, 30 bars and 4WHSV, conversion used data from 8 hours time-on-stream, the selectivity error is + 3%  
Product selectivity         
% carbon mole 
Ru/C Cu/Al2O3 Co/Al2O3 Ni/Al2O3 
1,2-PDO 29 94 77.6 68 
Ethylene glycol 35 2.8 4.2 13 
Acetol 0.6 2.3 1 1.5 
Methanol 18 0.2 0.3 0.5 
Ethanol 3.6 <0.1 1.5 2 
1-propanol 6.3 <0.1 0.6 1.4 
Methane 9.4 <0.1 14.6 10.5 
Ethane 0 0 0.3 0 
CO2 - - - - 
Carbon balance % 95 97 95 97 
4.3.3 Parametric studies on Cu/Al2O3 catalyst 
The effect of reaction temperature, hydrogen pressure, glycerol concentration and 
liquid flow velocity were determined using the Cu/Al2O3 catalyst. 
4.3.3.1 Effect of liquid velocity and overall first order reaction 
3 g Cu/Al2O3 catalyst was diluted with carborundum to 10 ml. The glycerol solution 
feed rate was varied from 0.05ml/min to 0.2 ml/min. The corresponding WHSV is 1, 2, 
3, and 4 with respect to glycerol. Table 4.8 gives the effect of liquid flow velocity on 
glycerol hydrogenolysis kinetics. Figure 4.7 and Table 4.9 indicate that the flow 
regimes of all the reaction with different WHSV were in the trickle flow regime. The 
reaction follows overall first order kinetics according to Figure 4.6. Guo et al. [102] 
also determined the glycerol hydrogenolysis to be overall first order with Cu/Al2O3 
catalyst. For WHSV of 1, the conversion was 100% and not used in Figure 4.6. 
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Table 4.8 a Effect of WHSV for glycerol conversion  
200oC, 20 %wt glycerol in water and 8 hours time-on-stream, the conversion error is + 2% 
WHSV 
hr
-1
 
Conversion 
% 
C balance  
%  
4 36 97 
3 48 98 
2 60 98 
1 100 99 
Table 4.8b Effect of hydrogen pressure on selectivities 
200oC, 20 %wt glycerol in water, 470ml/min and 8 hours time-on-stream, the selectivity error is + 3% 
Selectivity % Carbon mole WHSV 
hr
-1
 1,2-PDO Ethylene glycol Acetol Methanol 1-propanol others 
4 93.3 2.9 3.5 0.2 0.1 <0.1 
3 94.5 2.9 3.0 0.2 <0.1 <0.1 
2 95.5 2.9 1.4 0.1 <0.1 <0.1 
1 96.0 2.3 0.6 0.1 <0.1 <0.1 
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Figure 4.6 Overall first order reaction 
The conversion error is + 2% 
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Table 4.9 Parameters of flow regimes for WSHV (hr-1)   
WHSV 
 4 3 2 1 
λ 2.3 2.3 2.3 2.3 
ψ 16.1 16.1 16.1 16.1 
Gl/Gg*λ*ψ 7.44 5.58 3.72 1.86 
Gg/λ 0.011 0.011 0.011 0.011 
 
Figure 4.7 Flow regimes of different WHSV 
4.3.3.3 Effect of reaction temperature  
Temperature strongly affects the reaction rate and significantly affects the selectivity 
to 1,2-PDO. The reaction temperatures studied were selected at 190, 200,210, 230 and 
250oC at standard condition (Table 4.2). Table 4.10 shows the effect of temperature on 
the glycerol conversion and selectivity to product. With increasing reaction 
temperature, the conversion increased and reached 100% above 230oC.  Above 
200oC, the selectivity to 1,2-PDO and ethylene glycol decreased slightly as the 
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reaction temperature increased while the selectivity to acetol and gas increased. This 
matches batch reactor results with Raney catalyst in Chapter 3 and reported in the 
literatures [24 and 102]. The selectivity to 1,2-PDO and acetol at 190oC is lower than that 
of 200oC. The selectivity to ethylene glycol increases at low temperature. The 
increase of acetol selectivity indicates that the dehydration rate is increased more than 
the hydrogenation rate. The selectivity to the other byproduct such ethanol, methanol 
and 1-propanol also increased slightly indicating an increased extent of hydrocracking 
to lower alcohols. 200oC gave the highest selectivity to 1,2-PDO with low selectivity 
to gas product in this study. At higher temperatures (>210oC), gas production was 
detected indicating the increase of C-C cracking or reforming rate at higher 
temperature leading to low selectivity of ethylene glycol. The apparent activation 
energy is estimated to be 140kJ/mol based on the data in Table 4.10 and Figure 4.8. 
Therefore, the reaction temperature of 200 to 230oC is essential to achieved the 
optimum yield of 1,2-PDO. k is the rate constant by –ln (1- glycerol conversion)/ 
resident time at 8 hours time-on-stream. 
Table 4.10 a Effect of temperature on glycerol conversion 
20 % wt glycerol in water, 30 bars and 4WHSV, conversion data is from 8 hours time-on-stream, the conversion 
error is + 2% 
Temp 
o
C 
C balance 
% 
Conversion 
% 
190 97 23 
200 97 36 
210 96 70 
230 96 100.0 
250 95 100.0 
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Table 4.10 b Effect of temperature on selectivity to product 
20 % wt glycerol in water, 30 bars and 4WHSV, 8 hours time-on-stream, the selectivity error is + 3% 
Selectivity % c/mol Temp  
o
C 1,2-PDO EG Acetol Methanol Gas Others 
190 92.8 4.3 3.0 0.2 <0.1 <0.1 
200 93.3 2.9 3.5 0.2 <0.1 <0.1 
210 92.6 2.3 4.2 0.2 0.3 <0.1 
230 92.3 1.9 4.5 0.3 0.4 <0.1 
250 90.2 1.9 4.8 0.3 0.4 <0.1 
y = -16734x + 30.814
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Figure 4.8 Arrhenius plot to determine activation energy on Cu/Al2O3 
4.3.3.3  Effect of glycerol concentration 
The water in the glycerol solution could be removed by distillation. From a kinetics 
point of view, the increase of the glycerol concentration can drive the reaction rate 
and equilibrium forward to the formation of 1,2-PDO. 100% conversion was achieved 
at WHSV hr -1 of 1 or >230oC at standard condition ( Table 4.2) so the equilibrium 
constant for C1,2-PDO/Cglycerol is very high. The removal of the water after reaction is 
also costly. However, the crude glycerol derived from biofuel production is in water 
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solution and water is also generated in the reaction so the removal of water previous 
to the reaction may be unnecessary [24]. Furthermore, highly concentrated solutions of 
glycerol or pure glycerol have very high liquid viscosities which make it difficult to 
process. Hence, most previous studies have investigated dilute glycerol solutions 
(10% to 30%). In this study, the effect of the glycerol concentration in water is studied. 
The glycerol concentration was varied between 10% and 80% in aqueous solution and 
the other reaction condition is at the standard condition. Although many reports [21, 24, 
26, and 102] exist on hydrogenolysis of glycerol using 80 wt % glycerol solution in batch 
reactors, the reaction with 80% glycerol solution was unsuccessful in this study as the 
highly concentrated glycerol solution caused blockage of the reactor at 200oC and 30 
bar hydrogen pressure probably due to the high viscosity of the liquid and 
polymerization reactions. For the solutions with lower concentration, Table 4.11 gives 
the conversion and selectivity. The conversion of the glycerol deceased significantly 
with increasing glycerol concentration. At standard conditions, it was estimated that 
the water in the reactor was fully vaporized, so the liquid was pure glycerol. Therefore, 
increased glycerol concentration related to a low amount of water vapor in the gas 
phase so the hydrogen partial pressure increased (Table 4.11). Increased glycerol 
concentration leads to increasing actual glycerol flow rate so the residence time of 
glycerol is actually reduced compared to lower glycerol concentration. Therefore, the 
conversion of glycerol is lower. However, the conversion does not decrease 
proportionally with the increase of glycerol concentration. The higher concentration 
of glycerol provides less water in the reactor. As all the water was in the gas phase, a 
lower water content means a lower water partial pressure in the reactor and therefore a 
higher hydrogen partial pressure. The increase of hydrogen partial pressure with 
decreasing content of water would facilitate the glycerol conversion, and the higher 
concentration of glycerol would improve the reaction rate. Although the glycerol 
conversion is lower at higher glycerol concentration, the amount of converted glycerol 
is higher compared to lower glycerol concentration. 
Actual converted glycerol rate = glycerol conversion % * glycerol concentration %* 
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liquid flow velocity ml/min 
The main byproducts were ethylene glycol, acetol and very small amounts of 
methanol, 1-propanol, ethanol and methane. The selectivity to 1,2-PDO decreased at 
higher glycerol concentration (40%). The selectivity to acetol increased with the 
glycerol concentration in the feed. This indicates that the dehydration rate of glycerol 
is improved more than the hydrogenation rate of acetol with increasing glycerol 
concentration. At high glycerol concentration, polymerization may also affect the 
1,2-PDO production. Therefore, at the standard reaction conditions, a concentration of 
glycerol solution (below 40%) is preferred for glycerol conversion to 1,2-PDO.  
Table 4.11 a Effect of glycerol concentration on glycerol conversion 
200oC, 4WHSV, and 8 hours time-on-stream, the conversion error is + 2% 
Glycerol 
% wt 
C balance 
% 
Conversion 
% 
H2 partial pressure 
bar 
Glycerol conversion rate  
10
 -3 
mole/min 
10 97 47 20 0.1 
20 97 36 21 0.16 
40 95 22 23.5 0.19 
80 - - 27.5 - 
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Table 4.11 b Effect of glycerol concentration on selectivities 
200oC, 4WHSV, and 8 hours time-on-stream, the selectivity error is + 3% 
Selectivity % C/mole Glycerol  
% wt 1,2-PDO Ethylene glycol Acetol Methanol Others 
10 93.4 3.2 2.8 0.2 <0.1 
20 94.0 2.8 2.3 0.2 <0.1 
40 90.5 1.8 6.4 0.1 0.1 
80 - - - - - 
4.3.3.3 Effect of hydrogen pressure  
The hydrogen pressure can strongly affect the conversion and selectivity [21, 102]. For 
most hydrogenation reactions, increasing the reaction pressure would facilitate the 
reaction rate. However, high gas pressure requires higher performance reactors or 
equipment. It is additional cost for production. Hence, the investigation of the reaction 
at a low range of pressure to give optimum 1,2-PDO production is essential in this 
study. Experiments were performed at standard condition (Table 4.2) except for the 
pressure which was varied between 1 bar and 50 bar with a constant hydrogen flow 
rate to determine the hydrogen pressure effect on the reaction. Table 4.12 and Figure 
4.9 show that the flow regimes in these experiments were all in trickle phase. Table 
4.13 shows the effect of hydrogen pressure on glycerol conversion and selectivity to 
products. The glycerol conversion decreased slightly with decreasing hydrogen 
pressure from 50 bar to 30 bar and decreased more rapidly between 30 bar to 10 bar. 
The selectivity to acetol decreased with increasing H2 pressure, especially in the low 
pressure range (10 bar to 30 bar). This matches to the reaction network investigated in 
Figure 4.12. Higher H2 pressure facilitates the hydrogenation rate. The pressure of 
30-40 bar is considered to the good pressure range of the hydrogenolysis of glycerol. 
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Table 4.12 Flow regimes parameters for different reaction pressure 
Pressure bar 50 40 30 20 10 1 
λ 2.98 2.67 2.31 1.88 1.33 0.42 
ψ 16.12 16.12 16.12 16.12 16.12 16.12 
Gl/Gg*λ*ψ 9.61 8.59 7.44 6.08 4.30 1.36 
Gg/λ 0.009 0.010 0.011 0.014 0.020 0.062 
 
Figure 4.9 Flow regimes for different reaction pressure 
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Table 4.13a Effect of hydrogen pressure on glycerol conversion 
200oC, 20 %wt glycerol in water and 4WHSV, 8 hours time-on-stream, the conversion error is + 2% 
Pressure 
bar 
Conversion 
% 
C balance 
% 
H2 conversion (caculated)  
% 
Partial pressure H2  
Bar 
50 39.0 97 0.86 35 
40 37.0 98 0.81 28 
30 36.0 97 0.79 21 
20 30.0 96 0.66 14 
10 26.0 96 0.57 7 
Table 4.13b Effect of hydrogen pressure on selectivities 
200oC, 20 %wt glycerol in water and 4WHSV, 8 hours time-on-stream, the selectivity error is + 3%  
Selectivity % C/mole Pressure 
bar 1,2-PDO Ethylene glycol Acetol Methanol 1-propanol others 
50 93.8 4.9 0.6 0.7 <0.1 <0.1 
40 95.2 3.1 1.3 0.6 <0.1 <0.1 
30 94.0 2.8 2.3 0.3 0.1 <0.1 
20 89.2 3.1 5.6 0.2 0.8 <0.1 
10 65.0 2.7 30.7 0.4 1.5 - 
4.4 Investigation of product source and glycerol hydrogenolysis network 
Acetol has been proved as the intermediate product of glycerol hydrogenolysis to 
1,2-PDO by most of the literatures [21,24,60,34,61,62, 65]. Glycidol [34], glyceraldehyde [64] 
and lactaldehyde [65] were also reported as intermediates in conversion of glycerol to 
1,2-PDO, but glycidol, lactaldehyde or glyceraldehyde was not detected in this study. 
At standard condition (Table 4.2), the rate of acetol hydrogenation is faster than the 
rate of glycerol to 1,2-PDO (Table 4.14). The rate controlling step therefore is 
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assumed to be the dehydration of glycerol to acetol. Therefore the improvement of the 
dehydration rate is essential for the overall reaction rate. The addition of Ni or Co to 
Cu/Al2O3, or the addition of acid to the reaction can accelerate the dehydration rate in 
order to improve the overall glycerol conversion. 
Table 4.14 Comparison of glycerol hydrogenolysis with acetol hydrogenation  
200oC, 10 %wt acetol in water and 4WHSV over Cu/Al2O3, 8 hours time-on-stream, the conversion error is + 2% 
Reaction Conversion 
% 
Selectivity to 1,2- PDO  
% 
Glycerol hydrogenolysis 36 95 
Acetol hydrogenation 99 99 
CH2-CH-CH2
OH OH OH
Glycerol
CH3-C-CH2
OOH
Acetol
- H2O
Dehydration
 
Figure 4.10 a Dehydration of glycerol to acetol 
CH3-C-CH2
OOH
Acetol
CH2-CH-CH3
OH OH
1,2-PDO
+ H2
Hydrogenation
 
Figure 4.10 b Hydrogenation of acetol to 1,2-PDO 
The investigation of the glycerol hydrogenolysis network and the understanding of 
source of the byproducts are essential to improve the catalyst activity and selectivity. 
Gandarias et al. [103], Miyazawa et al. [24] and Chuang-Wei Chiu et al. [61] have already 
described the glycerol hydrogenolysis network, however, none of them did an 
individual study of the network on Cu/Al2O3 and gave solid evidence of the source of 
byproducts. Pagliaro et al. [125] obtained a >95% selectivity to 1,2-PDO in the 
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hydrogenation of acetol with Cu chromite catalyst but did not specify the other 
byproducts. In the present study, the method to investigate the glycerol 
hydrogenolysis network is to study the reaction of the product .e.g. reaction of 
ethylene glycol, acetol and 1,2-PDO, which are three of the most important products 
for glycerol hydrogenolysis. The conversion of ethylene glycol was performed with 
Cu/Al2O3 catalyst at 200
oC, 30 bar hydrogen, 470ml/min, 4WHSV and 10 %wt 
ethylene glycol solution. The results showed that methanol (1.2% yield) and methane 
(0.8% yield) were only the products from the ethylene glycol reaction. Conversion of 
1,2-PDO was performed with Cu/Al2O3 catalyst at 200
oC, 30 bar hydrogen, 
470ml/min, WHSV of 4 and 10 %wt 1,2-PDO solution. No significant product was 
detected so 1,2-PDO is assumed to be the end product of the reaction chain for 
Cu/Al2O3 catalyst. The results of acetol hydrogenation over Cu/Al2O3 are compiled in 
Table 4.15. The results showed that 1-propanol, methanol and ethanol were the only 
byproducts in acetol hydrogenation to 1,2-PDO over Cu/Al2O3 (Table 4.15). As 
ethylene glycol is C2, so methane and methanol are assumed to be the “C1” from the 
reaction of glycerol to ethylene glycol. Methane could be formed (Figure 4.11c) from 
hydrocracking of higher carbon compounds, methanol hydrogenation or methanation 
[132].  
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Acetol
Ethanol + Methane + Methanol
1,2- PDO
1-propanol  
Figure 4.11a Product of acetol hydrogenation (Cu/Al2O3) 
 
 
Figure 4.11b Glycerol to ethylene glycol (Cu/Al2O3) 
CH3OH
H2O + CH4
CO2 + H2
+ H2
+ H2O  
Figure 4.11c Methanation and methanol steam reforming (Cu/Al2O3) 
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Table 4.15 Selectivity to product of glycerol hydrogenolysis and acetol 
hydrogenation by Cu/Al2O3 
200oC, 20 %wt glycerol or 10% acetol in water and 4WHSV, 8 hours time-on-stream, the selectivity error is + 3% 
Product 
Glycerol Hydrogenolysis yield  
Carbon mole % 
Acetol hydrogenation yield  
Carbon mole % 
1,2-PDO 94 99 
Ethylene glycol 2.8 0 
Acetol 2.3 - 
Methanol 0.2 0.1 
Ethanol <0.1 0.5 
1-Propanol <0.1 0.1 
Methane <0.1 0.1 
Ethane 0 0 
Restricted by the time and laboratory condition, no glycerol dehydration and methanol 
reforming was performed. Much research has been done on the glycerol dehydration 
by previous works [61,104], e.g. Wei et al. [61] studied reactive distillation of glycerol to 
acetol but did not specify the byproduct from dehydration of glycerol. It is assumed 
that there is no byproduct produced from the dehydration of glycerol to acetol. In this 
study, the source of each product is known so the glycerol network can be given in 
Figure 4.12. Jiang et al. [133] claimed that CO2 and CO could be produced from 
methanol steam reforming with Cu/Al2O3 catalyst but the CO2 was undetectable if any 
by TCD of Cu/Al2O3. As no 1,3-PDO was detected at any time, so 1,3-PDO side 
reaction was not described in this network. Apart from the exclusion of 1,3-PDO and 
the other undetected compounds, the network of this study is similar to that given in 
the literature [61,24,103]. Miyazawa et al. [24] claimed that the 1-propanol was derived 
from 1,3-PDO, but in this study 1-propanol was also found from acetol 
hydrogenation.  
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Figure 4.12 Network of glycerol hydrogenolysis (Cu/Al2O3) 
4.5 CONCLUSION 
Cu/Al2O3 catalyst was found to be the most effective catalyst for glycerol 
hydrogenolysis to 1,2-PDO. The reaction network of glycerol hydrogenolysis with 
Cu/Al2O3 was built. High selectivity to 1,2-PDO (>95%) and 100% conversion of 
glycerol are achieved with the Cu/Al2O3 catalyst. Acetol, ethylene glycol, methanol, 
1-propanol and methane are the main byproduct from the reaction. The mild 
conditions, temperature 200 ~230 oC, hydrogen pressure 30~40 bar, 10~40% glycerol 
concentration are preferred in hydrogenolysis of glycerol with the consideration of 
activity and selectivity to 1,2-PDO. The glycerol hydrogenolysis reaction was found 
to follow overall first order reaction and the apparent activation energy was estimated 
to be 140kJ/mol. 
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CHAPTER 5 HYDROGENOLYSIS OF GLYCEROL: STUDIES OF Cu/Al2O3 
CATALYST 
SUMMARY 
The aims of this chapter are to identify the factors, especially catalyst preparation 
methods and metal loading that affect the Cu/Al2O3 catalyst performance in glycerol 
hydrogenolysis. Hydrogenolysis of glycerol was performed with Cu/Al2O3 in a fixed 
bed reactor. The Cu/Al2O3 catalysts were prepared by different methods: precipitation 
method, co-precipitation and impregnation method. In the precipitation method, urea, 
ammonia, NaOH, Na2CO3 and oxalic acid were used as precipitating agents. The 
loading of Cu was varied between 1 % and 40%. The selectivity to 1,2-PDO for all 
the catalysts were very similar (93 %~96%). 18 % Cu/Al2O3 prepared by 
co-precipitation gave the highest glycerol conversion. All the co-precipitated catalysts 
have higher activity than the precipitated catalyst with the same precipitating agent. 
The catalyst activity increased with active Cu area of the catalysts and the selectivities 
to 1,2-PDO were about the same (~94%). Catalyst characterization was performed by 
X-ray diffraction, TEM, temperature programmed reduction, copper dispersion test 
(N2O oxidation) and BET analysis.  
Key words: glycerol, hydrogenolysis, 1,2-PDO, Cu/Al2O3, preparation method, 
loading, dispersion and characterization 
5.1 INTRODUCTION 
In the previous chapters, copper was selected to be the metal of interest (Raney 
copper in batch reactor and Cu/Al2O3 in continuous reactor) for glycerol 
hydrogenolysis to 1,2-PDO because it is much more selective to 1,2-PDO than the 
other catalysts studied: Ru/C and Ni, Co based catalysts. Understanding of factors that 
affect the activity and selectivity to 1,2-PDO of Cu/Al2O3 catalyst is important. The 
factors that may influence the catalyst performance could be the metal surface area, 
the interaction between the Cu and Al2O3 support, the particle size of the Cu cluster, 
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the form of the Cu. In this chapter, the main goal is to understand the extent to which 
the catalyst preparation method and copper loading affect the catalyst performance. 
Cu/Al2O3 was prepared by a number of preparation methods including precipitation 
and impregnation methods. The preparation with the best catalyst performance was 
selected, and then the copper loading was varied based on the best preparation method. 
All the catalysts were tested in the glycerol hydrogenolysis at the standard reaction 
condition (Table 4.2) The activity of the catalysts & selectivity to 1,2-PDO were 
compared. Catalyst characterization was performed to elucidate the relation between 
the catalyst properties and the catalyst performance. The effect of catalyst reduction 
temperature was also investigated. At the same time, this chapter also demonstrates 
the optimum preparation method and Cu loading of Cu/Al2O3 for glycerol 
hydrogenolysis. Some of the main findings from this chapter, such as Cu surface area 
and particle size, are used in the later chapters of this thesis to help understand the 
other aspects of Cu based catalyst performance. 
5.2 EXPERIMENTAL PROCEDURE AND METHODOLOGY 
5.2.1 Catalyst preparation  
This section includes two parts: Cu/Al2O3 catalyst prepared by different preparation 
methods and the variation of Cu loading of the selected Cu/Al2O3 catalyst.  
Preparation methods 
Both, precipitation and co-precipitation method, were designed according to the 
precipitating agents property and the Cu & Al precipitation pH parameters. A soluble 
copper complex can be produced when ammonia is in excess. pH=7 for copper 
precipitation using ammonia as a precipitating agent is the suitable condition. For the 
co-precipitation method, pH=7 was used in this experiment. Table 5.1 gives the Cu2+ 
and Al3+ starting precipitation pH and finished pH. Table 5.2 gives the summary of the 
catalyst prepared by the different preparation methods. 
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Table 5.1 Hydroxide precipitation pH 
Metal 
Precipitation start pH 
(0.1mol metal /L) 
Precipitation end pH 
(0.1mol metal /L) 
Cu2+ 4.67 6.67 
Al3+ 3.37 4.71 
 The γ-Al2O3 support was prepared by precipitation (NH3H2O): A basic solution of 
2M NH3H2O (S1) was prepared as well as an aqueous solution of Al(III) nitrate 
(S2) was prepared. The concentration of Cu2+ in the solution was 0.016mol/L. 
They were transferred into two separating funnels. The solutions S1 and S2 were 
added drop wise to a beaker containing 1000mL of distilled water under vigorous 
stirring. The rate of addition of both solutions is controlled by monitoring the pH 
(6.5~7.0) with a pH electrode immersed in the solution. The resulting solution 
was aged for half an hour at 25 oC with vigorous stirring. Then the precipitate 
was filtered, washed 3 times and oven dried at 120 oC for 12 h, and subsequently 
calcined at 400 ◦C for 3 h in static air. 
 Precipitation method (NH3H2O, NaOH): Cu(NO3)2 2.5H2O was dissolved in 2 L 
beaker and heated to 25 oC. The Al2O3 support was added into the copper solution 
with magnetic agitation (>200 RPM). The concentration of Cu2+ in the solution 
was 0.016mol/L. Then, NH3H2O or NaOH was slowly added (during 30min) into 
the suspension until precipitation finished (pH=7) by monitoring pH regulation 
with a pH electrode immersed in the solution. When precipitation finished, the 
suspension was filtered then washed with DI water at least 3 times. The resulting 
precipitate was dried in an oven at 120 oC for 12 h and then calcined at 400oC for 
3 h.  
 Precipitation method (Na2CO3, oxalic acid): Cu(NO3)2 2.5H2O and  oxalic acid 
or Na2CO3 were dissolved in two 1.2 L beakers respectively and heated to 25 
oC. 
Oxalic acid or Na2CO3 were prepared in 15 % stoichiometric excess for the 
precipitation of copper. Al2O3 support was added into the copper solution with 
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magnetic agitation (>200 RPM). The concentration of Cu2+ in the solution was 
0.016mol/L. Then oxalic acid or Na2CO3 solution was poured (during 30min) into 
the suspension. The resulting solution was aged for half an hour at 25 oC with 
vigorous stirring. When aging finished, the suspension was filtered then washed 
with DI water at least 3 times. The resulting precipitate was dried in an oven at 
120 oC for 12 h and then calcined at 400 oC for 3 h.  
 Urea method: Cu(NO3)2 2.5H2O,  Urea with 15% stoichiometric excess and 
Al2O3 support was dissolved in 1.2 L beaker then heated to 90-95 
oC with 
constant stirring. The concentration of Cu2+ in the solution was 0.016mol/L. The 
pH of the solution was measured at different intervals of time using a digital pH 
meter. The urea was hydrolyzed and hydroxide ions were produced in the 
homogeneous solution [73]: 
CO(NH2)2+3H2O2NH4
++HCO3
-+OH- 
After the precipitation was complete (pH = 7), the solution was filtered and 
washed with DI water at least 3 times. The resulting precipitate was dried in an 
oven at 120 oC for 12 h and then calcined at 400oC for 3 h.  
 Co-precipitation method (NH3H2O, NaOH): A basic solution was prepared from 
2M NH3H2O, 2M NaOH or 1M Na2CO3 (S1) and an aqueous solution of Cu(II) 
and Al(III) nitrates (S2) was prepared with the required Cu2+/Al3+ ratios to obtain 
the 20 wt % copper loading. They were transferred into two separating funnels. 
The solutions S1 and S2 were added drop wise to a beaker containing 1000mL of 
distilled water under vigorous stirring. The concentration of Cu2+ in the solution 
was 0.016mol/L. The addition of both solutions is controlled by monitoring pH 
(6.5~7.0) with a pH electrode immersed in the solution. The resulting solution 
was aged for half hour at 25 ◦C with vigorous stirring. Then the precipitate was 
filtered, washed 3 times and oven dried at 120 oC for 12 h, and subsequently 
calcined at 400 ◦C for 3 h in static air. 
 Impregnation method (incipient wetness): Cu(NO3)2 2.5H2O was dissolved in 
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5~15 ml DI water then  Al2O3 support was added along with fast agitation. 
When the solution was fully adsorbed by the Al2O3 support, the resulting catalyst 
was oven dried at 120 oC for 12 h and subsequently calcined at 400 oC for 3 hr in 
static air. 
Table 5.2 Summary of catalyst prepared by different preparation method 
Name Method Precipitating agent 
NH3-P Precipitation NH3 
NH3-Co-p Co-precipitation NH3 
NH3-P-NOC
α Precipitation NH3 
NaOH-P Precipitation NaOH 
NaOH-Co-P Co-precipitation NaOH 
Na2CO3-P Precipitation Na2CO3 
Na2CO3-Co-P Co-precipitation Na2CO3 
Oxalic-P Precipitation Oxalic acid 
Urea Precipitation Urea 
Imp Impregnation - 
α No calcination was done on NH3-P-NOC catalyst.  
Cu loading  
Different Cu loading was prepared by co-precipitation method using NH3H2O as a 
precipitating agent by varying the Cu2+/Al3+ ratios in the Cu(II) & Al(III) nitrates 
solution. The target copper loading was between 1 % and 40 %. 
5.2.2 Hydrogenolysis of glycerol 
The glycerol hydrognolysis was performed in the trickle flow reactor. The catalyst 
was pre-reduced in situ at 250oC for 3 hours with heating rate of 2oC/min. The reactor 
is the same as described in Chapter 4. The standard reaction conditions used were 
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provided in Table 4.2. Samples were taken at 3, 4, 6, 8, 16 and 24 hour 
time-on-stream. 
5.2.3 Method of analysis 
Both liquid and gas samples were analyzed during the reaction. The column of the GC 
the same as described in Chapter 3. 
5.2.4 Catalyst Characterization 
The actual copper loading of different catalysts was determined by ICP. The catalyst 
was first weighed (0.02g) and dissolved in 50ml HCL solution (2mol/L) then put into 
a microwave digester to be heated to 200oC and kept for 30 min. After the microwave 
treatment the catalysts were confirmed to be dissolved in the acid, prior to the 
determination of the metal content by ICP. 
The catalysts BET surface areas were determined by physical adsorption of N2 at 
-196oC after degassing the samples at 150 oC for 12 h. 
Powder X-ray diffraction pattern of the catalysts were recorded in a Seifert powder 
diffractometer, using CuKα radiation. Spectra were registered between 20 and 80o (2θ 
with a step of 0.02o and a time per step of 3s). 
Temperature programmed reduction was performed with 10% hydrogen in nitrogen. 
The total flow rate was 20 ml/min. The catalyst was heated from 25 oC to 550 oC at a 
rate of 10 oC/min and the H2 consumption was monitored with a MS detector. CuO 
(99.99 wt %) has been used as a reference sample to quantify hydrogen consumption. 
The Cu dispersion test was developed based on the Cu dispersion determination 
method described by Gervasini and Bennici [6]. The catalyst was pre-reduced with the 
same method as used in the reaction studies (from 25 oC to 300 oC at the rate of 2 
oC/min and then kept at 300 oC for 3 hours.). Then the system was cooled down and 
flushed with Ar gas to remove the hydrogen and nitrogen. The temperature was 
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adjusted to 90 oC for 45 minutes and 5 Vol % N2O gas balanced by Ar was charged to 
the system (40 ml/min). The surface copper was assumed oxidized in this process. 
The catalyst was subsequently reduced by 5 % H2 in N2 at 10 
oC /min from 25 oC to 
550 oC then kept for 30 min. The hydrogen consumption and H2O production was 
monitored by MS. The hydrogen consumption area (A0) was calibrated by monitoring 
reduction of pure CuO. CuO was fully reduced according to the stoichiometry 
calculation. 
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Figure 5.1 Calibration of hydrogen consumption by MS for CuO 
Cu catalyst reduction:  CuxO + H2 → Cu + H2O                               
Cu oxidation by N2O: Cu surface + N2O → Cu2O surface +  N2                                            
Cu further reduction: Cu2O surface + H2 → Cu surface + H2O                                
Once the copper loading was determined, the catalyst copper surface area and 
dispersion was estimated with the equation: 
Dispersion (%) = Mass Cu surface (g)/ Mass Cu total(g) x 100%                       
Once copper loading and dispersion were determined, the copper surface area was 
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determined using the following equation: 
Area Cu surface (m
2/g catalyst) = N x NA/ (Catalyst mass (g) x1.46x10
19) 
Where N is mole of Cu surface in the catalyst, 1.46x10
19 is no. of copper atoms per m2 
of copper surface [6] and NA is the Avogadro constant 
[6].  
At the first reduction stage of catalyst, the hydrogen consumption was monitored by 
determining the area (A1) of hydrogen from MS. After the oxidation by N2O, the 
catalyst was further reduced by hydrogen and the hydrogen area (A2) was also 
monitored by MS. A0 is the hydrogen consumption area calibrated by monitoring 
reduction of pure CuO. Therefore, according to the stoichiometry indicated above, the 
copper dispersion is calculated as: 
Mass Cu surface (g) = 64 x Mass CuO x A2 x 2/(A0 x 79.5454)  
Dispersion (%) = Mass Cu surface (g)/ (Mass catalyst (g) x Cu loading %) 
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Figure 5.2 First reduction (A1) and second reduction hydrogen area (A2) monitored 
by MS for NH3-Co-P 
The area calculation error is + 5 % 
 126 
 
5.3 RESULTS AND DISCUSSION 
5.3.1 Characterization of Cu/Al2O3 prepared by different methods 
Cu loading determination by ICP 
Many literature reports the copper loading by stoichiometric calculation based on the 
data of catalyst preparation [52,105, etc]; however, many also report the Cu loading by 
ICP analysis [53,106, etc]. Table 5.3 gives the actual copper loading of the catalysts that 
was determined by ICP analysis. The target Cu loading in all catalysts was 20% by 
weight (of sum of Cu and Al2O3 weight). NH3-P, NaOH-P, Oxalic-P, urea, Imp are 
very close to the target of Cu loading; the others are relatively low. 
Table 5.3 Copper loading of catalysts determined by ICP analysis 
Name 
Target loading 
wt % 
 Achieved 
loading/Cu loading 
wt % 
Target loading/Cu 
loading wt % 
NH3-P 20 19.7 99 
NH3-Co-p 20 18.4 87 
NH3-P-NOC
 α 20 15.9 79 
NaOH-P 20 19.6 98 
NaOH-Co-P 20 16.1 81 
Na2CO3-P 20 16.6 83 
Na2CO3-Co-P 20 17.6 88 
Oxalic-P 20 19.2 96 
Urea 20 19.9 100 
Imp 20 18.6 93 
α No calcination was done on NH3-P-NOC catalyst, the ICP error is + 3% 
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Cu dispersion and particle size 
The Cu surface area was determined by N2O oxidation as described above. Raw data 
of the Cu surface area is in Appendix 5. Figure 5.3 gives the copper dispersions which 
provide following findings:  
The precipitation (or co-precipitation) method gave higher dispersion than 
impregnation. That is the common phenomena found between impregnation method 
and precipitation method. Co-precipitation gives higher dispersion than precipitation. 
Co-precipitation method showed more uniform and easier interaction between support 
and metal during the precipitation process [26]. Lo′ pez-Sua′ rez et al. [53] achieved only 
30 wt % Cu dispersion on alumina by precipitation method but his calcination 
temperature was as high as 700oC, at which temperature strong sintering would occur 
compared to 400oC that was used as calcination temperature in this study. Kurr et al. 
[110] prepared a CuZnO/Al2O3 catalyst with a 77 wt % Cu dispersion by precipitation 
method (Na2CO3 was used as precipitating agent). In this study, NH3 was found to be 
the best precipitating agent for high Cu dispersion. NH3 is easily being removed by 
the drying or calcination process. For the other precipitating agents, especially Na, is 
very difficult to be fully removed by washing. Na could also facilitate sintering during 
calcination causing a larger particle size and lower dispersion of the catalyst [107]. 
Non-calcined precipitated catalyst has higher copper dispersion than calcined 
precipitated catalyst. The particle size of the catalyst would be expected to grow 
during calcination. Urea precipitated catalyst has a higher dispersion than other 
precipitated catalyst (not co-precipitation). It was suggested that no gradient exists in 
the concentration of the precipitations in the solution by the urea method and a more 
homogenous solution was achieved compared with traditional precipitation methods 
[73]. 
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Figure 5.3 copper dispersion comparisons (error + 3%) 
The particle size of all the catalysts was obtained by XRD. Figure 5.4 gives the XRD 
analysis comparison of Cu catalyst prepared by co-precipitation and precipitation with 
ammonia. The diffraction peaks of the catalyst prepared by co-precipitation method 
are very broad compared to the catalyst prepared by precipitation indicating that the 
Cu particle size of co-precipitated catalysts is much smaller than that of the catalyst 
prepared by the other preparation methods. The catalysts were reduced using the same 
reduction method as in the glycerol hydrogenolysis reaction (250oC for 3 hours with a 
temperature rising rate of 2oC/min). After catalyst reduction, Cu is better dispersed on 
NH3-Co-P than NH3-P. The Cu particle size was also confirmed by TEM analysis. 
Table 5.4 gives the Cu particle sizes from the reduced catalyst calculated according to 
the XRD analysis by the Scherrer equation. The results demonstrate that the Cu 
particle size is less than 10 nm in the Cu catalyst prepared by co-precipitation with 
ammonia. Rasika et al. [108] give agreed Cu particle size from 7 to 30 nm of reduced 
Cu/Al2O3 prepared by co-precipitation method. The estimated Cu particle size of 
different prepared Cu catalyst calculated according to the XRD analysis by Scherrer 
equation (Table 5.4) matches the TEM analysis in Figure 5.5 and also matches the Cu 
dispersion test – co-precipitated catalysts have a smaller particle size and higher Cu 
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dispersion. The XRD analyses of the remaining fresh or reduced catalysts are 
compiled in Appendix 1 & 2. 
Table 5.4 Cu particle size calculated by Scherrer equation (reduced catalyst) 
The error for Cu particle size calculation is + 10 % 
Name Cu particle size  nm 
NaOH-P 34 
NH3-P 26 
Imp 21 
Oxalic-P 21 
Urea 17 
Na2CO3-P 13 
Na2CO3-Co-P 13 
NH3-P-NOC 11 
NaOH-Co-P 10 
NH3-Co-p 5 
Al2O3 - 
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Figure 5.4a XRD analysis of NH3-Co-P catalyst (fresh and reduced) 
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 Figure 5.4b XRD analysis of NH3- P catalyst (fresh and reduced) 
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Fresh                   Reduced 
Figure 5.5a TEM figures of NH3-Co-P (scale = 10nm) 
  
Fresh                   Reduced 
Figure 5.5b TEM figures of NH3 -P (scale = 10nm) 
BET surface area 
The catalysts prepared in Table 5.5 by the precipitation method have a higher BET 
surface area than the co-precipitated catalyst. The BET surface area of the catalysts 
prepared by Na2CO3 is significantly lower than the other catalysts. NaOH precipitated 
catalyst has the highest BET surface area but a very low Cu dispersion indicating the 
low interaction between the Cu atom and the support, as well as the large Cu particle 
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aggregation probably due to the stronger sintering effect on calcination in the 
presence of Na [107]. 
Table 5.5 Cu catalyst BET surface area (error by + 5 %) 
Name BET m
2
/g 
NH3-P 167 
NH3-Co-p 158 
NH3-P-NOC 154 
NaOH-P 187 
NaOH-Co-P 170 
Na2CO3-P 142 
Na2CO3-Co-P 70 
Oxalic-P 181 
Urea 155 
Imp 181 
Al2O3 192 
Reduction temperature  
The catalyst reduction was studied by TPR analysis. All TPR analysis is given in 
Appendix 3. The Tmax (temperature at peak of hydrogen consumption) are all close 
except that of the catalyst precipitated by NaOH which has a significant higher Tmax 
than the others. The reason may be the lower Cu dispersion and the larger Cu particle 
size that causes the difficulty of reduction. The Cu catalyst prepared by 
co-precipitation with ammonia has the lowest Tmax. The reducibility is compiled in 
Table 5.6. Figure 5.6 is the TPR analysis of Cu catalyst prepared by co-precipitation 
method with ammonia as precipitating agent. 
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Figure 5.6 TPR analysis of Cu catalyst prepared by NH3-Co-P 
Table 5.6 Tmax determined by TPR 
Name 
TPR       
Tmax 
o
C 
H2 consumption 
mole/g Cu 
Reducibility    
% 
NH3-P 260 0.015 96 
NH3-Co-p 245 0.015 93 
NH3-P-NOC 255 0.014 89 
NaOH-P 285 0.015 97 
NaOH-Co-P 250 0.015 94 
Na2CO3-P 255 0.015 95 
Na2CO3-Co-P 250 0.014 92 
Oxalic-P 250 0.015 95 
Urea 255 0.015 96 
Imp 255 0.015 94 
* assuming all the Cu was originally present as Cu2+. Reducibility error is + 5% 
5.3.2 Characterization of Cu/Al2O3 prepared with different Cu loading 
Lo′ pez-Sua′ rez et al. [53] claim that higher Cu loading on alumina support shows 
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heterogeneous appearance and were not uniform especially at higher Cu loading, so in 
the present study, catalysts with different copper loading were prepared by 
co-precipitation methods with ammonia as precipitating agent. Table 5.7 gives the 
actual copper loading determined by ICP analysis and the relationship between target 
and actual (ICP-measured) copper loading (Cu %). The copper catalysts have a lower 
Cu loading than expected, which means that the copper during the co-precipitation 
process was not fully incorporated with alumina. Small amounts of copper might be 
lost in the filtration and washing process. Increasing the catalyst aging time may help 
load more copper on to the alumina but it could also affect the metal particle size and 
reduce the active Cu surface area [107]. 
Table 5.7 Different copper loading of catalysts determined by ICP analysis, prepared 
by co-precipitation method with ammonia as precipitating agent, ICP error by + 5 % 
Name 
Target Cu 
% 
Actual Cu  
% 
Target/ 
Actual Cu % 
1%Cu/Al2O3 1 1.0 100 
3%Cu/Al2O3 3 2.8 95  
6%Cu/Al2O3 6 5.8 97  
11%Cu/Al2O3 12 11.1 92 
18%Cu/Al2O3 20 18.4 92  
35%Cu/Al2O3 40 35.3 84  
Table 5.8 compiles the BET surface area and Tmax of the different samples, Cu 
dispersion, and Tmax. The BET values decrease as the copper loading increased. There 
was not so much change in BET surface area at lower copper loading (<6%) and at 
higher copper loading (>20%) but BET surface area was affected significantly 
between 6% and 20%. This may be due to the increase of catalyst density caused by 
Cu in the catalyst, the change of copper-alumina incorporation, the growth of copper 
particle size, and the gradual filling up of the pores of A12O3 by copper species 
[111]. 
The visual appearance of the catalyst was green and light color for the 3% and 6% 
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copper catalyst, blue on 12% Cu/Al2O3, while purple blue and black color were 
observed for the 20% and 35% Cu/ Al2O3 catalyst. The Tmax increased as the copper 
loading increased. The catalysts with low metal loading were reduced at a lower Tmax 
than those with higher metal loadings. Small particle is highly dispersed particle that 
is more easily to be reduced, but the reducibility of Cu catalyst at lower Cu loading 
was lower than higher Cu loading. López-Suárez et al. [53] claims the same finding 
that a lower reducibility was found at higher Cu dispersion and low Cu loading. X-ray 
powder diffraction patterns of the catalyst were obtained to check the particle size of 
non-reduced catalyst. It is assumed that the reduced catalyst would have a similar 
dispersion as the non-reduced catalyst. The measurement of the metal particle size can 
give one of the explanations for this metal loading effect on the reduction extent. The 
diffraction of γ-Al2O3 support is very broad indicating a low crystallinity. The 
diffraction peak of 1%Cu/Al2O3, 3%Cu/Al2O3, 6%Cu/Al2O3 and 11%Cu/Al2O3 were 
not detected indicating the fine dispersion of Cu. The presence of CuO was observed 
in 18%Cu/Al2O3. The CuO peaks of 35% Cu/Al2O3 become significant indicating 
poorer catalyst dispersion which leads to larger particle size on reduction and this is 
also in agreement with the copper dispersion test by N2O oxidation in Table 5.8. Cu 
dispersion is very important for the catalyst active site population. In Table 5.8 the Cu 
dispersion decreases with the Cu loading increment. Higher Cu loading (> 18%) 
causes the aggregation of metal and leads to lower dispersion and larger Cu particle 
size. The absolute Cu surface area increases from 1% Cu to 18% Cu loading but 
decreases at 35% Cu loading (Figure 5.8). Therefore the Cu surface area does not 
increase with Cu loading all the time but reaches its highest level at a certain Cu 
loading due to the decrease of Cu dispersion with Cu loading [53,111]. Figure 5.8 gives 
the relation between the copper loading and the active Cu surface area.  
 
 137 
20 30 40 50 60 70 80
2θ
I
n
t
e
n
s
i
t
y
CuO
CuO
Al2O3
Al2O3
Al2O3
35%
18%
11%
6%
3%
 
Figure 5.7 XRD on different Cu loading catalysts (non-reduced) 
Table 5.8 Catalysts BET, Cu dispersion and TPR analysis - Cu loading effect 
Name 
BET 
m
2
/g 
Cu Dispersion  
% 
Tmax    
o
C 
Reducibility 
% 
Al2O3 280 - - - 
1%Cu/Al2O3 277 - - - 
3%Cu/Al2O3 255 85 250 81 
6%Cu/Al2O3 254 83 250 88 
11%Cu/Al2O3 200 75 250 88 
18%Cu/Al2O3 168 66 255 93 
35%Cu/Al2O3 169 26 280 93 
*At 1% Cu loading the analysis of MS is not accurate. 
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Figure 5.8 Cu surface area m2/g vs. Cu loading % 
In conclusion, the results indicate that a higher copper loading gives lower actual Cu 
loading than desired loading, lower Cu dispersion, lower BET surface, higher Tmax, 
higher reducibility, and larger Cu particle size. 18 % Cu loading catalyst is the best 
catalyst with respect to the active Cu surface area. 
5.3.3 Hydrogenolysis of glycerol – different catalyst preparation series 
Table 5.9 shows the glycerol hydrogenolysis over Cu/Al2O3 catalysts prepared by the 
different preparation methods. All the reactions were performed at the standard 
condition (Table 4.2). The co-precipitated catalysts showed better activity than single 
precipitated catalysts. The catalyst prepared with ammonia as precipitating agent was 
also more active than catalyst prepared by the other precipitating agents. NH3-Co-P 
was the most active catalyst. The selectivity to 1,2-PDO was similar for all catalyst – 
all above 93% but the ammonia prepared catalysts show slightly higher selectivity 
than the other catalysts. The catalysts prepared by urea exhibits a selectivity to 
1,2-PDO as high as 96% but the activity is relatively low compared to ammonia 
precipitated catalysts. The ammonia precipitated catalyst (NH3-P-NOC) without 
calcination is more active than the one calcined (NH3-P). The reason could be that the 
catalyst particle size grew during calcination [129] for NH3-P so the dispersion and 
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activity of NH3-P were lower than that of NH3-P-NOC. The main byproducts in all 
catalyst are acetol, ethylene glycol and small amount of methanol, propanol and 
methane (Table 5.9, the selectivity to the other product is given in Appendix 4). CO2 
may have also been produced but not detected by TCD due to the insensitivity of TCD 
for low concentration of CO2 in the hydrogen stream. 
Table 5.9 Glycerol conversion and selectivity to products 
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2 flow rate and 8 hours time-on-stream, the conversion 
error is + 2% and the selectivity error is + 3% 
Name 
Conversion 
% 
Selectivity to 
1,2-PDO    
% C mole 
Selectivity to 
Acetol          
% C mole 
Selectivity to 
Ethylene glycol 
% C mole 
NH3-P 20  95 2.1 2.6 
NH3-Co-p 36  95 2.1 2.6 
NH3-P-NOC 26  95 1.1 3.7 
NaOH-P 12  93 4.5 2.1 
NaOH-Co-P 30  93 5.7 1.3 
Na2CO3-P 21  93 1.8 4.6 
Na2CO3-Co-P 29  94 2.9 2.6 
Oxalic-P 21  93 1.8 4.6 
Urea 25  96 1.5 2.5 
Imp 20  93 3.3 3.7 
Table 5.10 gives the relation between glycerol conversion, rate and Cu surface area of 
the differently prepared Cu/Al2O3 catalysts. Bienholz et al. 
[127] reported that the Cu 
surface area strongly affect the catalyst activity for glycerol hydrogenolysis but did 
not quantify the relationship between catalyst activity and Cu surface area. The 
catalyst activity increased with the Cu surface area. The value of 
[-Ln(1-Conversion)]/Cu Surface area are roughly constant showing that Cu surface 
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area is the main factor affecting the catalyst activity. Conversion vs. time-on-stream of 
all catalysts is given in Appendix 4. The rough data of copper dispersion test for 
preparation methods effect is given in Appendix 5. 
Table 5.10 Cu Surface areas vs. 8 hr time-on-stream conversion 
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2 flow rate, the conversion error is + 2% 
Catalyst 
Cu surface area 
m
2
/g catalyst (S) 
Conversion 
% 
-Ln(1-Conversion) [-Ln(1-Conversion)]/S 
NaOH-P 27.0 12 0.13 0.0047 
NH3-P 43.8 20 0.22 0.0051 
Imp 47.5 20 0.22 0.0047 
Na2CO3-P 48.1 21 0.24 0.0049 
Oxalic-P 50.4 21 0.24 0.0047 
Urea 58.0 25 0.29 0.0050 
NH3-P-NOC 58.9 26 0.30 0.0051 
Na2CO -Co-P 62.5 29 0.34 0.0055 
NaOH-Co-P 64.8 30 0.36 0.0055 
NH3-Co-p 78.0 33 0.40 0.0052 
5.3.4 Hydrogenolysis of glycerol – different copper loading series 
The glycerol hydrogenolysis to 1,2-PDO was performed in the trickle bed reactor at 
the standard conditions (Table 4.2) for all the catalysts. From figure 5.8 it is clear that 
the copper loading has a significant effect on the copper surface area which is the 
main factor affecting the catalyst activity. An experiment with only alumina support 
was tested in glycerol hydrogenolysis at the standard conditions and the results 
showed that no glycerol conversion happened. The conversions of glycerol increased 
with the copper loading from 3% to 17%, and subsequently decreased of glycerol 
conversion at 35% copper loading. Guo et al. [102] reported similar results – glycerol 
conversion increasing up to 17% Cu loading and decreased with Cu loading for 17% 
to 26% in a batch reactor. However, they did not study the relationship between Cu 
surface area and catalyst activity. 
The main byproducts were ethylene glycol and acetol. Methanol and methane were 
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also detected but in very small amounts. The selectivity to 1,2-PDO increased from 
87% to 95% with the Cu loading from 3% to 17% but decreased to 93% at 35% Cu 
loading. The selectivity also increased slightly with the Cu loading from 3% to 17%. 
The acetol yield remained the same -- 1 %/Carbon mole and the selectivity decreased 
from 3% Cu loading to 17% Cu loading. Table 5.12 gives the relationship between Cu 
surface area and glycerol conversion, selectivity to product at 8 hours time-on-stream. 
The selectivity to 1,2-PDO and ethylene glycol increased with the active Cu surface 
area, while the selectivity to acetol decreased. The Cu loading increased the 1,2-PDO 
and ethylene glycol production. The values of [-Ln(1-Conversion)]/Cu surface area 
for glycerol were roughly constant --at about 0.5 % carbon mole/ m2/g cat. Therefore 
it can be concluded that the active site for the 1,2-PDO and ethylene glycol is Cu, and 
the Al2O3 only worked as support. The acetol selectivity is high at very low Cu 
loading. Possibly some acetol was formed on the support. However, there was no 
reaction with Al2O3 only showing that the presence of Cu is required to generate 
spillover H2. The selectivity to the other byproducts and conversion vs. 
time-on-stream is given in Appendix 4. The raw data of copper dispersion test for Cu 
loading effect is given in Appendix 6. 
Table 5.11 Comparison of Cu/Al2O3 prepared by different copper loading  
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2, 8 hours time-on-stream, the conversion error is + 2% 
Name 
Conversion 
% 
Selectivity 
to Acetol 
% C mole 
Selectivity 
to 1,2-PDO 
% C mole 
Selectivity to  
Ethylene glycol 
% C mole 
1%Cu/Al2O3 <2 ~14 <85 - 
3%Cu/Al2O3 5.8 12 87 1 
6%Cu/Al2O3 14 7 91 1.6 
11%Cu/Al2O3 24 4 93 2.2 
18%Cu/Al2O3 33 2.5 95 2.8 
35%Cu/Al2O3 24 4 93 2.8 
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Table 5.12 Relationship between Cu surface area and glycerol conversion 
 200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2, 8 hours time-on-stream, the conversion error is + 2% 
Name 
Cu Surface area 
m
2
/g cat (S) 
Conversion   
%  
-Ln(1-Conversion) -Ln(1-Conversion)/S 
Al2O3 - 0 - - 
1%Cu/Al2O3 - 2.2 0.02  - 
3%Cu/Al2O3 12.8 5.8 0.06  0.0047 
6%Cu/Al2O3 30.9 14 0.15  0.0049 
11%Cu/Al2O3 57.5 26 0.30  0.0052 
18%Cu/Al2O3 78.1 32 0.39  0.0049 
35%Cu/Al2O3 58.9 25 0.29  0.0049 
*At 1% Cu loading the analysis of MS is not accurate. 
5.3.5 Effect of reduction temperature on the catalyst performance 
The purpose of this experiment was to understand the effect of the reduction method 
on the catalyst properties and performance, and to double check the catalyst 
dispersion and Cu surface area effects for the glycerol conversion to 1,2-PDO. The 
catalyst was deliberately sintered to vary the catalyst particle size and dispersion by 
different catalyst reduction temperature. Three sets of Cu/Al2O3 prepared by 
co-precipitation method with ammonia (NH3-Co-p) were reduced at 250 
oC, 300 oC 
and 350 oC respectively for 3 hours. The temperature increase was controlled at a rate 
of 2 oC per min before reaching the target temperature. All the catalysts were tested in 
the hydrogenolysis of glycerol at standard conditions (Table 4.2). The Cu dispersion 
was checked by the N2O oxidation method described earlier in this chapter. Table 5.13 
gives the Cu dispersion and glycerol conversion. The results show that the Cu 
dispersion and the catalyst activity decrease with the increase of reduction 
temperature. The selectivity to 1,2-PDO did not change with the reduction 
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temperature. The results confirm that the catalyst activity is directly related to the Cu 
surface area (Table 5.14). Guo et al. [102] claimed that with the increase of the 
reduction temperature (200, 300 and 400oC), the glycerol conversion displayed a 
volcano shape reduction temperature test. However, they did not perform TPR and Cu 
dispersion analysis for the Cu catalyst, and 200oC may not be sufficient to reduce the 
Cu catalyst so that the activity of Cu catalyst reduced at 200oC was lower than that 
reduced at 300oC. 
Table 5.13 Reduction temperature effect to Cu/ Al2O3 on glycerol hydrogenolysis 
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2, 8 hours time-on-stream, the conversion error is + 2% 
Reduction temperature 
o
C 
Cu dispersion  
% 
Conversion  
% 
Selectivity to1,2-PDO 
% C mole 
250 66 36 95 
300 59 30 94 
350 39 21 94 
Table 5.14 Relationship between Cu surface area and glycerol conversion 
 200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2, 8 hours time-on-stream, the conversion error is + 2% 
Reduction temperature 
o
C 
Cu Surface area 
m
2
/g cat (S) 
-Ln(1-Conversion) -Ln(1-Conversion) /S 
250 78.1 0.39 0.0049 
300 69 0.36 0.0052 
350 46 0.24 0.0051 
5.4 CONCLUSIONS 
Cu/Al2O3 catalysts were prepared by different methods and with different Cu loading. 
The Cu dispersion varied with different preparation methods. Catalyst prepared by the 
co-precipitation method with ammonia had the highest Cu dispersion, smallest Cu 
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particle size and lowest reduction temperature. The catalyst activity tested in the 
hydrogenolysis of glycerol was strongly affected by Cu dispersion. The catalyst with 
the highest dispersion (prepared by co-precipitation method with ammonia) was the 
most active catalyst. No significant relation was found between the Cu dispersion and 
the selectivity to 1,2-PDO. The Cu dispersion decreased with Cu loading. The 
glycerol conversion was related directly to the Cu surface area. 18 wt % Cu loading 
catalyst was found to be the most efficient catalyst for glycerol hydrogenolysis. Cu 
particle size increased with higher reduction temperature and the activity of the 
catalyst decreased accordingly 
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CHAPTER 6 HYDROGENOLYSIS OF GLYCEROL: Cu CATALYST 
SUPPORT EFFECT 
SUMMARY 
The aim of this chapter is to examine the catalyst support effect on the copper based 
catalyst. Hydrogenolysis of glycerol to 1,2-propanediol (1,2-PDO) was performed in 
the fixed bed reactor at standard condition. The supports were investigated Al2O3, 
SiO2, TiO2 and ZnO. All the catalysts were characterized by N2O copper dispersion, 
XRD, BET and TPR. The activity & selectivity to 1,2-PDO for Cu/Al2O3 catalysts 
were higher than the Cu catalyst with the other supports ( ZnO,TiO2 and SiO2). 15wt 
% Cu/Al2O3 gave higher Cu surface area than the other supported Cu catalysts. For 
the other supports, there is evidence of a support effect on the reaction.  
Key words:  Cu/Al2O3, support, surface area, BET, XRD, TiO2, SiO2, ZnO and Al2O3 
6.1 INTRODUCTION 
The previous chapter presented how the preparation methods, Cu loading and 
reduction method of Cu/Al2O3 catalyst affected the glycerol conversion to 1,2-PDO. It 
was concluded that the activity of Cu/Al2O3 catalyst is strongly dependent on the 
active copper surface area and have copper particle size of the catalyst. The selectivity 
was relatively independent of the copper dispersion. The target of this chapter is to 
establish the support effect of copper catalysts for glycerol hydrogenolysis. The 
copper catalyst was prepared by impregnation on high surface area Al2O3, TiO2, ZnO 
and SiO2. The target copper loading was 15 wt%. All the catalysts were tested in 
glycerol hydrogenolysis and the result (activity and selectivity to 1,2-PDO) of each 
catalyst were compared. The catalyst particle size, dispersion, BET surface area was 
checked to elucidate the catalyst properties that mostly affect the catalyst 
performance. 
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6.2 EXPERIMENTAL PROCEDURE AND METHODOLOGY 
6.2.1 Catalyst preparation 
Different Cu supported catalysts were prepared by the incipient wetness impregnation 
method: Cu (NO3)2 2.5H2O was dissolved in 10 ml DI water then the support (Al2O3, 
TiO2, SiO2 or ZnO) was added along with fast agitation. When the solution was fully 
absorbed by the support, the resulting catalyst was dried in an oven at 120 oC for 12 h 
and subsequently calcined at 400 oC for 3 hr in static air. 
6.2.2 Catalyst Characterization 
The actual copper loading of different catalysts was determined by ICP analysis. The 
catalyst was first weighed (0.02g) and dissolved in 50ml HCL solution (2mol/L) then 
put into a microwave digester to be heated to 200oC for 30 min. After the microwave 
treatment and the catalyst were confirmed to dissolve in the acid then the metal 
content was determined by ICP. 
The catalysts BET surface areas were determined by physical adsorption of N2 at 
-196oC after degassing the samples at 150 oC for 12 h. 
X-ray diffraction of the catalysts was recorded in a Seifert powder diffractometer, 
using CuKα radiation. Spectra were registered between 20 and 80o (2θ with a step of 
0.02o and a time per step of 3s). 
Temperature programmed reduction was performed with 10% hydrogen in nitrogen. 
The total flow rate was 20 ml/min. The catalyst was heated from 25 oC to 550 oC at 10 
oC/min rate. See Chapter 5 for H2 consumption calibration. 
The Cu dispersion test uses the N2O oxidation. The catalyst was pre-reduced with the 
same reduction method as hydrogenolysis of glycerol (from 25 oC to 300 oC at the 
rate of 2 oC/min and then kept at 300 oC for 3 hours.). Then the system was cooled 
down and flashed with Ar gas to remove the hydrogen and nitrogen. The temperature 
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was adjusted to 90 oC then 5 Vol % N2O gas balanced by Ar was charged to the 
system (40 ml/min). Catalyst was further reduced by 5 % H2 in N2 at 10 
oC /min from 
25 oC to 550 oC then kept for 30 min, following the H2 production monitored by MS. 
See detailed equation and calculation in Chapter 5 
6.2.3 Test of the catalyst in hydrogenolysis of glycerol  
The glycerol hydrognolysis was performed in the fixed bed reactor. The reactor is the 
same as described in Chapter 4. The standard reaction condition was the same as 
described in Table 4.2. Samples were taken at 3, 4, 6, 8, 16 and 24 hour stream time. 
6.2.4 Method of analysis 
Both liquid and gas samples were analyzed during the reaction. Details of the analysis 
method are given in Chapter 3. No significant CO2 production was detected by TCD 
for any of the catalysts. 
6.3  RESULTS AND DISCUSSION 
6.3.1 Catalyst characterization 
The target Cu loading of all catalysts on different catalyst supports was 15%. Table 
6.1 gives the results of the ICP measurement of the actual copper content on the 
different catalyst supports. Cu/Al2O3 has a higher Actual/Target Cu % than SiO2, ZnO 
and TiO2. Table 6.2 gives the catalyst BET surface area, Cu dispersion and TPR 
temperature analysis. Compared to the Cu/Al2O3 that was prepared by 
co-precipitation method in Chapter 5 (66% Cu dispersion), the Cu dispersion was 
lower using the impregnation method (57%). The active Cu surface area of Cu/Al2O3 
by impregnation method is higher than that prepared with SiO2, TiO2 and ZnO support. 
The Cu dispersion was low on TiO2 and ZnO support because of low BET surface 
area of the supports. Low BET area causes larger metal particle size and lower 
dispersion. X-ray diffraction analysis gives the understanding of precursor dispersion. 
The CuO is less well dispersed on SiO2, TiO2 and ZnO support. CuO diffraction of 
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Cu/Al2O3 catalyst is significantly broader than the other supported Cu catalysts 
suggesting smaller particle size in Cu/Al2O3 catalyst than the other supported Cu 
catalysts. 
Table 6.1 Different Copper support of catalysts by ICP analysis (+ 5%) 
Name 
Target Cu 
wt% 
Cu wt% 
by ICP 
Target/Actual 
Cu wt% 
14% Cu/Al2O3 15 13.8 92 
14%Cu/SiO2 15 13.5 90 
13%Cu/TiO2  15 12.7 84 
13%Cu/ZnO  15 12.9 85  
Table 6.2 Catalysts BET (+ 5%), Cu dispersion (+ 5%) and TPR analysis (+ 3oC) – 
Cu support effect 
Name 
Support BET  
m
2
/g 
BET Area 
m
2
/g 
Cu Dispersion 
% 
Cu Surface area      
m
2
/g cat 
TPR Tmax  
o
C 
14%Cu/Al2O3 200 131 57 53 270 
14%Cu/SiO2 280 332 27 23.3 265 
13%Cu/TiO2  100 112 <5 <5 260 
13%Cu/ZnO  45 42 <5 <5 255 
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Figure 6.1a XRD of non-reduced Cu/ZnO 
Cu/TiO
2
0
500
1000
1500
2000
2500
20 30 40 50 60 70 80
TiO
2
TiO
2
TiO
2
TiO
2
TiO
2
CuOCuO
 
Figure 6.1b XRD of non-reduced Cu/TiO2 
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Figure 6.1c XRD of non-reduced Cu/SiO2 
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Figure 6.1d XRD of non-reduced Co-Cu/Al2O3 
6.3.2 Hydrogenolysis of glycerol with different supported Cu catalyst 
Table 6.3 gives the catalyst activity and selectivity to products of the Cu catalysts with 
different supports. The results indicate that the Cu/Al2O3 is the most active and 
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selective catalyst to 1,2-PDO. The selectivity to 1,2-PDO from non-alumina 
supported catalysts is significantly lower than that of the Cu/Al2O3 catalyst. 
Table 6.3 Hydrogenolysis of glycerol by Cu/Oxide support 
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2, 8 hours time-on-stream, the conversion error is + 2% 
and the selectivity error is + 3 %. 
Name 
Conversion 
% 
Selectivity to 
1,2-PDO  
% 
Selectivity 
to Acetol  
% 
Selectivity to 
Ethylene glycol 
% 
14% Cu/Al2O3 25 95 3 2 
14%Cu/SiO2 7 90 5.8 4.4 
13%Cu/TiO2  4 82 9.6 5.1 
13%Cu/ZnO  5 63 23 13 
Cu/Al2O3 and Cu/SiO2 have a similar selectivity to 1,2-PDO but the rate/surface area 
( Table 6.4) of SiO2 is lower than that of Cu/Al2O3. Cu/TiO2 and Cu/ZnO have lower 
selectivity to 1,2-PDO indicating a support effect of Cu/TiO2 and Cu/ZnO. Wang and 
Liu [34] achieved a slightly lower selectivity to 1,2-PDO (51%) at similar reaction 
conditions with a Cu/ZnO catalyst. Bienholz et al. [127] improved the Cu/ZnO catalyst 
and achieved a high activity and selectivity (90%) to 1,2-PDO with Cu/ZnO that was 
prepared by the oxalate gel method, and used 1,2-butanediol as a solvent for glycerol 
solution. Moreover, the activity and selectivity to 1,2-PDO of Cu/TiO2 could be 
improved by modifying the Cu loading and using more severe conditions [87]. In the 
present study, the support effect needs further investigation but this has not been done 
due to the low surface area and catalyst activity. Table 6.4 gives the relation between 
Cu surface area and the rate. The low Cu surface area of Cu/TiO2 and Cu/ZnO could 
be due to the low support surface area. 
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Table 6.4 Relationship between Cu surface area and conversion by Cu/oxide support  
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2 flow rate, 8 hours time-on-stream, the conversion error is 
+ 2% and the surface area error is + 5 %. 
14%Cu/Al2O3 
Cu Surface area      
m
2
/g cat (S) 
-Ln(1-Conversion) 
(Rate) 
Rate /S                
% carbon mole /m
2
 /g cat 
14%Cu/Al2O3 53 0.29 0.005 
14%Cu/SiO2 23 0.073 0.003 
13%Cu/TiO2  <5 0.041 ~0.008 
13%Cu/ZnO  <5 0.051 ~0.01 
6.4 CONCLUSION 
Cu catalyst was prepared with different oxide supports. Cu/Al2O3 gives the best 
glycerol conversion and highest selectivity to 1,2-PDO. The catalyst activity is mainly 
related to the Cu dispersion, but evidence of a support interaction was found in the 
selectivity for Cu/TiO2 and Cu/ZnO catalyst. The low Cu surface area of Cu/TiO2 and 
Cu/ZnO is mostly like due to the low support surface area. 
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CHAPTER 7 INVESTIGATION OF Cu BIMETALLIC CATALYST ON 
GLYCEROL HYDROGENOLYSIS 
SUMMARY 
The aims of this chapter are to prepare copper based bimetallic catalyst on Al2O3 
support, and to study the bimetallic catalyst performance in glycerol hydrogenolysis. 
Bimetallic catalysts (Cu-Ni and Cu-Co) on alumina support were prepared via a two 
step preparation method. The Ni and Co loadings were varied between 1% and 5% of 
total catalyst weight with a constant 18 wt % Cu loading on the alumina. Catalyst 
characterization was performed with XRD, TEM and TPR. The results show that the 
catalyst of 1 % Co and 1 to 3% Ni impregnated on the Cu/Al2O3 gave a higher 
activity for the glycerol hydrogenolysis compared to 18 wt % Cu/Al2O3 catalyst, but 
all the bimetallic catalysts showed a faster deactivation. The activity of both catalysts 
decreased with increasing Co or Ni loading. Co-Cu and Ni-Cu alloys may form in the 
catalyst. CuNi1%/Al2O3 gives the best glycerol conversion and exhibited a high 
selectivity to 1,2-PDO. 
Key words:  bimetallic catalyst, Cu, Ni, Co, TEM, XRD, TPR, glycerol and 
hydrogenolysis. 
7.1 INTRODUCTION 
Cu based catalyst was found to be the most selective catalyst to 1,2-PDO for the 
hydrogenolysis of glycerol in both batch and continuous reactors. The selectivity to 
1,2-PDO in either batch reactor by Raney cobalt and Raney nickel or in continuous 
reactor by Ni/Al2O3 and Co/Al2O3 were not as high as that of Raney copper in the 
batch reactor or Cu/Al2O3 in the continuous reactor respectively. However, Raney 
cobalt and Raney nickel showed a higher activity than the Raney copper catalyst 
(Chapter 3) in the batch reactor, and Ni/Al2O3 & Co/Al2O3 were also more active than 
Cu/Al2O3 at the same metal loading (Chapter 4) in the continuous reactor. The 
hydrogenation rate of acetol to 1,2-PDO was found to be high but the dehydration rate 
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of glycerol to acetol was found to be much lower with Cu/Al2O3. Therefore, to 
improve the dehydration rate is essential for glycerol hydrogenolysis over Cu/Al2O3 
[109]. Ni and Co were believed to be able to improve the dehydration rate of glycerol to 
acetol (Table 3.9 and Table 4.7). CuCo bimetallic catalyst has been mostly used in 
hydrogenation [112] and FT reaction [114] , and CuNi bimetallic catalyst has been used 
for reforming [117], organic oxidation [116] and hydrogenation [118]. In the present study, 
the idea is to improve the Cu/Al2O3 catalyst activity by adding a certain amount of Co 
or Ni but without affecting too much the selectivity to 1,2-PDO. This chapter 
describes a two step preparation method for alumina supported Cu-Ni or Cu-Co 
catalysts. The catalysts were tested in hydrogenolysis of glycerol in the trickle bed 
reactor at standard conditions (Chapter 4, Table 4.2). The selectivity and activity of 
the bimetallic catalyst are compared with the Cu/Al2O3 catalyst. To understand the 
bimetallic catalyst behavior, catalyst characterizations were also performed.  
7.2 EXPERIMENTAL PROCEDURE AND METHODOLOGY 
This section includes three parts: catalyst preparation, catalyst performance and 
catalyst characterization. 
7.2.1 Catalyst preparation 
There are many preparation methods for CuCo or CuNi catalyst. In summary, 
one-step-impregnation (co-impregnation) [117,119,122], two-step-impregnation [112], 
precipitation [115, 118], co-precipitation [116], different metal precursors, such as nitrate 
[116] and metal complex [112,115,119], and different precipitating agents such as NaOH [116] 
and ammonia [119] were used in previous studies. The work presented in Chapter 5 
showed that the co-precipitated Cu/Al2O3 catalyst with ammonia exhibited the best 
performance in glycerol hydrogenolysis. The method of attaching small amounts of 
Ni or Co via impregnation method to Cu/Al2O3 was used in this chapter. Nitrate was 
used as metal precursor and ammonia was selected as the precipitating agent.  
CuNi/Al2O3 or CuCo/Al2O3 bimetallic catalysts were prepared by a two step 
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preparation method: co-precipitation method for Cu/Al2O3 catalyst and subsequent 
impregnation method to attach Ni or Co to the Cu/Al2O3 catalyst. First, 18% Cu/Al2O3 
catalyst was prepared by co-precipitation with ammonia. The preparation procedure is 
the same as described in Chapter 5 but after the catalyst was oven dried at 120 oC for 
12 h, the catalyst was not calcined. The catalyst was ground to a powder with a 
particle size less than 50µm. 5 g of this precursor was used for further impregnation. 
Water volume adsorption was tested on the ground Cu/Al2O3 catalyst and for each 5 g 
of Cu/Al2O3 1.5 g DI water was fully adsorbed. To attach 1 wt % Ni or Co catalyst to 
5 g of Cu/Al2O3 catalyst, 0.25 g of Ni(NO3)3.6H2O or Co(NO3)3.6H2O were dissolved 
in 1.5 g DI water and then added to the Cu/Al2O3 power drop by drop slowly with 
agitation. The impregnated catalyst was first dried in an oven at 120oC for 12 h then 
placed in a furnace and subsequently calcined at 400 ◦C for 3 h at a temperature 
program rate of 2 oC/min in static air. All the catalyst had cooled down, if was 
compressed and the particle size for the reaction was selected by sieving from 300 to 
600µm. Table 7.1 gives the summary of bimetallic catalyst prepared in this chapter. 
Table 7.1 Bimetallic catalyst prepared 
Copper-Cobalt catalyst Copper-Nickel catalyst 
18% Cu-1%Co/Al2O3 18% Cu-1%Co/Al2O3 
18% Cu-2%Co/Al2O3 18% Cu-2%Co/Al2O3 
18% Cu-3%Co/Al2O3 18% Cu-3%Co/Al2O3 
18% Cu-4%Co/Al2O3 18% Cu-4%Co/Al2O3 
18% Cu-5%Co/Al2O3 18% Cu-5%Co/Al2O3 
7.2.2 Hydrogenolysis of glycerol 
Glycerol hydrogenolysis was performed in the fixed bed reactor. The standard 
reaction conditions were the same as in Chapter 4, Table 4.2. All catalysts were tested 
for 24 hours time-on-stream. The glycerol conversion was monitored and the product 
distribution was also recorded. Samples were taken at 3, 4, 6, 8, 16 and 24 hour 
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time-on-stream. All the catalysts were pre-reduced at 300oC with a heating rate of 
2oC/min. Both gas and liquid samples were analyzed by GC. Details of the analysis 
method and GC column are in Chapter 3. A 18 % Cu/Al2O3 catalyst prepared by 
co-precipitation method with ammonia as precipitating agent was used as a reference 
for the catalyst activity and selectivity comparison. 
7.2.3 Catalyst Characterization 
The actual copper loading of the catalysts was determined by ICP. The method was 
the same as described in Chapter 5. 
X-ray diffraction of the catalysts was recorded in a Seifert powder diffractometer, 
using CuKα radiation. Spectra were registered between 20 and 80o (2θ with a step of 
0.02o and a time per step of 3s). 
Temperature programmed reduction experiments were performed with 10% hydrogen 
in nitrogen. The total flow rate was 20 ml/min. The catalyst was heated from 25 oC to 
650 oC at 10 oC/min rate and the H2 consumption was monitored with a MS detector. 
CuO (99.99 wt %) has been used as a reference sample to quantify hydrogen 
consumption (see Chapter 5). 
7.3 RESULTS AND DISCUSSION 
7.3.1 Catalyst characterization 
TPR 
TPR analysis was performed to understand the catalyst reducibility and catalyst 
composition. All the bimetallic catalysts were reduced at a rate of 10 oC per minute to 
850 oC. Figure 7.1 shows the TPR analysis of CuCo/Al2O3 catalysts. The reduction 
temperature of all the CuCo/Al2O3 catalyst was significantly higher than that of the 
Cu/Al2O3 catalyst, which is about 250 
oC. The reduction temperature rises from 1 % 
Co content to 2 % Co and decreases with the Co content form 2 % to 5%. As Co was 
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in a small amount so the reducibility of Co in the catalyst was not counted. The 
reducibility of CuO in CoCu catalyst were 100%, 95%, 91%, 90% and 80% (error by 
+5%), at 1% to 5% Co loading. Cu-Co spinels may be formed at higher Co loading 
leading to the difficulty of reduction. No Co aluminates were detected because no 
hydrogen consumption was observed at higher temperature of TPR [117] (above 400oC). 
The Co and Cu appear to be separated at 1% and 2 % but Cu-Co alloy may be formed 
at higher Co loading, although at 4 and 5% Co the lower reducibility indicates some 
unreduced species. Probably these are Co spinels because the low sensitivity to 
hydrogen consumption using MS makes it difficult to detect small, broad reduction. 
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Figure 7.1 TPR analysis of CuCo/Al2O3 catalyst (Cobalt from 1% to 5%) 
Figure 7.2 gives the TPR analysis of CuNi/Al2O3 catalyst. The reduction temperature 
of Cu-1% Ni/Al2O3 catalyst is about the same as Cu/Al2O3 catalyst. As there were not 
significantly separated peaks, the Cu-Ni alloy could be formed at 1 to 5% Ni loading. 
The reduction temperature of the CuNi/Al2O3 catalysts increased with the Ni loading 
from 1 % to 5 %. This may be due to the formation of a Cu-Ni alloy [122] and the 
increase of catalyst oxide particle size with Ni loading. The reducibility of all 
CuNi/Al2O3 catalysts is similar (91 to 93%, error by +5%). No hydrogen consumption 
was observed above 400oC so it is assumed that no significant amount of 
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Ni-aluminates was formed [122,123], although the MS detection has low sensitivity to 
weak hydrogen reductions.  
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Figure 7.2 TPR analysis of CuNi/Al2O3 catalyst (Ni from 1% to 5%) 
XRD analysis 
In order to understand the bimetallic catalyst composition and metal particle size, 
XRD analysis were performed for all the bimetallic catalysts. Figure 7.3 gives the 
XRD analysis of fresh CuCo/Al2O3 catalyst. The particle size of the catalysts did not 
change so much with the Co loadings. Several studies [120, 121] have revealed that the 
intensity of the peaks was reduced due to low metal loading, good dispersion or the 
formation of bimetallic alloy. As the intensity of the CuO peak is low so the Cu 
particle size cannot be given here.  
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Figure 7.3 XRD analysis of fresh CuCo/Al2O3 catalyst 
Figure 7.4 gives the XRD analysis of CuNi/Al2O3 catalyst. At lower Ni loading, both 
of the CuO, NiO and Cu-Ni spinel peaks are not significant but the Cu-Ni spinel at T 
2θ=60.9 and 62.6 [117] become slightly more significant when the Ni loading is at 5% 
so a Cu-Ni alloy may be formed on reduction. The Cu particle size did not change so 
much with Ni loading. As the diffraction of both Ni and Cu peaks are very broad even 
at 5% Ni loading so the particle size is very small and the catalysts are well dispersed. 
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Figure 7.4 XRD analysis of fresh CuNi/Al2O3 catalyst 
TEM analysis 
In order to confirm the bimetallic catalyst particle form and particle size, TEM 
analysis were performed. Figure 7.5 shows the TEM photos of CuCo/Al2O3 catalyst. 
The particle size of fresh CuCo1%/Al2O3 is very small and amorphous. When the Co 
loading increased >2%, the catalyst oxide particle size increased slightly. The big 
particles in 4% and 5% Co loading could be due to Co-Cu spinel formation but the 
XRD does not fully confirm that. 
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Figure 7.5(a) TEM analysis of fresh CuCo/Al2O3 catalyst (1% Co) 
 
Figure 7.5(b) TEM analysis of fresh CuCo/Al2O3 catalyst (2% Co) 
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Figure 7.5(c) TEM analysis of fresh CuCo/Al2O3 catalyst (3% Co) 
  
Figure 7.5(d) TEM analysis of fresh CuCo/Al2O3 catalyst (4% Co) 
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Figure 7.5(e) TEM analysis of fresh CuCo/Al2O3 catalyst (5% Co) 
Figure 7.6 demonstrates the TEM photos of the unreduced CuNi/Al2O3 catalyst. The 
particle size of fresh CuNi1%/Al2O3 is amorphous. Some big particles were found in 
higher Ni loading probably due to more Ni-Cu spinel formed and an increase in the 
CuO particle size. 
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Figure 7.6(a) TEM analysis of fresh CuNi/Al2O3 catalyst (1% Ni) 
 
Figure 7.6(b) TEM analysis of fresh CuNi/Al2O3 catalyst (2% Ni) 
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Figure 7.6(c) TEM analysis of fresh CuNi/Al2O3 catalyst (3% Ni) 
 
Figure 7.6(d) TEM analysis of fresh CuNi/Al2O3 catalyst (4% Ni) 
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Figure 7.6(e) TEM analysis of fresh CuNi/Al2O3 catalyst (5% Ni) 
7.3.2 Catalyst performance 
CuCo/Al2O3 catalyst 
All reactions were performed at standard condition (Table 4.2). Samples were taken at 
8 hours and 24 hours time-on-stream. Figure 7.7 gives the conversion of CuCo/Al2O3 
catalyst with different Co loadings (1% to 5%). At 1 % Co loading the catalyst gave 
the best conversion of glycerol. 1% and 5% Co loading showed a higher initial 
activity than Cu/Al2O3 but the activity decreases faster and in the case of 5% becomes 
lower than Cu/Al2O3 after 8 hours time-on-stream. 1% Co maintained a higher activity 
than Cu/Al2O3, despite showing faster initial deactivation. The catalysts of 2 % to 4 % 
Co loading gave a lower activity than Cu/Al2O3 at all time-on-stream and deactivated 
faster than Cu/Al2O3. The glycerol conversion decreased significantly when the 
loading increased to 2 % and above probably because of Cu-Co alloy formation at 2 
% Co loading according to TPR. The addition of Co is likely to increase the coke 
formation which is probably responsible for the initial deactivation. The selectivity to 
products is shown in Table 7.2. The main byproducts from glycerol conversion with 
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CuCo/Al2O3 catalyst were methanol, acetol and ethylene glycol. Very small amounts 
of methane were detected but Co produced significantly more methane especially at 
1% Co. Ethylene glycol was also higher probably due to the presence of separate Co 
species which facilitate hydrocracking. No CO2 was detected by TCD. The selectivity 
was similar between 8 hours and 24 hours time-on-stream. At 1 % Co, the selectivity 
to 1,2-PDO was slightly (88 %) lower than that of Cu/Al2O3 (~94 %), and 1 % 
CoCu/Al2O3 gave a higher selectivity to acetol indicating that the addition of Co 
helped the dehydration of glycerol to acetol but did not help much on acetol 
hydrogenation rate (see glycerol network information in Chapter 4 ). The selectivity 
to 1,2-PDO increases to about 94 % when the Co loading increases up to 5 %. The 
reason could be the reduced Co sites at higher Co loading because of the possible 
formation of Co-Cu alloy leading to a lower dehydration rate compared to 1% Co-Cu 
catalyst, and the presence of Cu-Co alloy facilitating the hydrogenation rate. 
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Figure 7.7 Conversion of glycerol over CuCo/Al2O3 catalyst 
 200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2 flow rate 
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Table 7.2a Selectivity to product of CuCo/Al2O3 catalyst at 8 hours time-on-stream  
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2 , the conversion error is + 2 % and the selectivity error is 
+ 3 %. 
Co loadings   
% 
Methanol  
% 
Acetol 
% 
1,2-PDO 
% 
Ethylene glycol  
% 
Methane  
% 
0 (Cu/Al2O3) 0.2 2.5 94.4 2.8 <0.1 
1 0.6  6.4  88.0  3.6  0.4 
2 0.2  5.4  93.2  1.2  0.2 
3 0.2  3.9  94.1  1.8  0.1 
4 0.2  3.9  94.0  1.8  0.2 
5 0.2  4.2  93.5  2.0  0.2 
Table 7.2b Selectivity to product of CuCo/Al2O3 catalyst at 24 hours time-on-stream 
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2, the conversion error is + 2 % and the selectivity error is 
+ 3 %. 
Co loadings   
% 
Methanol 
% 
Acetol 
% 
1,2-PDO 
% 
Ethylene glycol  
% 
Methane  
% 
0 (Cu/Al2O3) 0.2 2.9 93.9 3.1 <0.1 
1 1.1 9.8 84.1 3.1 0.7 
2 0.3 5.1 93.0 1.6 0.2 
3 0.3 4.5 93.7 1.5 0.2 
4 0.3 5.9 92.7 1.1 0.2 
5 0.2 5.0 92.9 1.8 0.2 
CuNi/Al2O3 catalyst 
The reaction conditions used were the standard conditions (Table 4.2). Figure 7.8 
shows the conversion of different Ni loading of CuNi/Al2O3 catalyst. The conversion 
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decreased with Ni loading above 1%. All the CuNi/Al2O3 catalyst had higher initial 
activity than Cu/Al2O3, but deactivated more quickly than Cu/Al2O3. At 24 hour 
time-on-stream, the conversion with CuNi/Al2O3 catalysts with 1, 2 and 3% Ni were 
similar to Cu/Al2O3. The selectivity to 1,2-PDO of all the CuNi/Al2O3 is similar, but 
slightly higher than Cu/Al2O3 catalyst (Table 7.3). Catalyst activity decreases with Ni 
loading probably because of Ni-Cu alloy formation. As for Ni addition, increased 
coke formation may account for the initial deactivation. Compared to the work in the 
literature, the selectivity to 1,2-PDO of glycerol conversion with CuNi or CuCo in 
this study are higher than the bimetallic catalyst CuO/MnO2/Al2O3 and 
CuOZnO/Al2O3 
[87], and the conditions used in this study are much less severe. 
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Figure 7.8 Conversion of glycerol over CuNi/Al2O3 catalyst  
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2 flow rate 
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Table 7.3a Selectivity to product of CuNi/Al2O3 catalyst at 8 hours time-on-stream  
30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2, the selectivity error is + 3 %. 
Ni loadings  
% 
Methanol  
% 
Acetol  
% 
1,2-PDO  
% 
Ethylene glycol  
% 
Methane  
% 
0 (Cu/Al2O3) 0.2 2.5 94.4 2.8 <0.1 
1 0.4 3.3 94.2 2.1 0.1 
2 0.4 3.0 94.2 2.1 0.1 
3 0.3 2.6 95.0 2.0 <0.1 
4 0.3 2.8 94.2 2.0 0.1 
5 0.3 3.1 94.5 2.1 0.1 
Table 7.3b Selectivity to product of CuNi/Al2O3 catalyst at 24 hours time-on-stream 
 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2, the selectivity error is + 3 % 
Ni loadings  
% 
Methanol  
% 
Acetol  
% 
1,2-PDO  
% 
Ethylene glycol  
% 
Methane  
% 
0 (Cu/Al2O3) 0.2 2.9 93.9 3.1 <0.1 
1 0.2 5.9 92.3 1.6 0.2 
2 0.2 3.2 94.0 1.8 <0.1 
3 0.3 3.0 96.6 1.5 0.1 
4 0.3 3.1 94.0 1.9 <0.1 
5 0.3 4.7 93.1 1.9 0.2 
7.4 CONCLUSION 
CuCo/Al2O3 and CuNi/Al2O3 bimetallic catalysts prepared by a two step preparation 
method improved the catalyst initial activity compared to Cu/Al2O3 catalyst. Co 
appears separately in the catalysts with 1 and 2% Co loading and a Co-Cu alloy may 
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form at 3 to 5 % Co loading. Ni-Cu alloy may form at 1 to 5 % Ni loading. At 1 % of 
Co or Ni loading, both of the CuCo/Al2O3 and CuNi/Al2O3 catalysts showed the best 
catalyst activity compared to higher Ni or Co loading, and both of the catalysts gave a 
significant activity improvement in the glycerol conversion at standard condition at 24 
hours time-on-stream test (Table 4.2) compared with Cu/Al2O3. However, Co and Ni 
promoted Cu based bimetallic catalysts have a faster initial deactivation rate than 
Cu/Al2O3 probably due to the increased coke formation. The selectivity to 1,2-PDO of 
CuCo1%/Al2O3 catalyst was slightly lower than Cu/Al2O3 and CuNi/Al2O3 catalyst.  
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CHAPTER 8 INVESTIGATION OF Cu/Al2O3 DEACTIVATION IN 
HYDROGENOLYSIS OF GLYCEROL 
SUMMARY 
The Cu/Al2O3 catalyst deactivation was tested during glycerol hydrogenolysis. The 
catalyst activity decreased slightly from 36% to 30 % glycerol conversion after 50 
hours time-on-stream at standard condition. The used catalyst was reduced & 
thermally treated at 400oC to remove coke from the catalyst. The activity of 
regenerated catalyst and fresh catalyst were compared, and the result shows that the 
reduced & thermal treated catalyst recovered most of the catalytic activity. The 
catalyst oxidation, coking, particle growth and catalyst metal leaching have been 
investigated. XRD, N2O Cu dispersion measurements, CHN, TPR, BET were 
performed for fresh, used catalyst and regenerated catalyst. ICP analysis was carried 
out to determine the amount of leached copper in the liquid samples. The formation of 
oxygenates and coking were the main factor responsible for catalyst deactivation. 
Key words:  Cu/Al2O3, catalyst deactivation, glycerol, hydrogenolysis, XRD, N2O, 
CHN and ICP 
8.1 INTRODUCTION 
The most important factors that affect the catalyst performance are activity, selectivity, 
life time and regeneration ability [107]. The understanding of the Cu/Al2O3 catalyst 
performance and dependence on preparation methods and supports was described in 
Chapters 4, 5 and 6; the modification of catalyst activity and selectivity by preparing 
copper based bimetallic catalyst was demonstrated in Chapter 7. In this chapter, the 
main target is to explore the deactivation behavior and the regeneration ability of 
Cu/Al2O3 catalyst. The aim is to understand the factors affecting the catalyst life and 
develop an efficient method to regenerate the catalyst. Glycerol hydrogenolysis with 
fresh catalyst will be compared with regenerated catalysts with different regeneration 
methods. The deactivation factors and a summary of regeneration methods, as well as 
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the catalyst characterization will be presented. 
8.2 EXPERIMENTAL PROCEDURE AND METHODOLOGY 
8.2.1 Catalyst preparation 
The Cu/Al2O3 catalyst was the same Cu/Al2O3 catalyst prepared by co-precipitation 
with ammonia (Chapter 5). Cu loading is 18% determined by ICP analysis.  
8.2.2 Catalyst deactivation test in hydrogenolysis of glycerol 
The glycerol hydrogenolysis was performed in the fixed bed reactor (details see 
Chapter 4). Under standard reaction conditions (Table 4.2), the tested time-on-stream 
was 50 hours for both fresh and regenerated catalysts. The glycerol conversion was 
monitored and the product distribution was also recorded. Samples were taken from 3 
to 50 hour time-on-stream. Both gas and liquid samples were analyzed by GC. Details 
of the analysis method are given in Chapter 5. All the liquid samples were analyzed 
by ICP to determine the extent of catalyst leaching.  
8.2.3 Catalyst regeneration 
For the test of regeneration of the catalyst, 2 used catalysts from runs of glycerol 
hydrogneolysis were collected after 50 hours time-on-stream reaction. One of the used 
catalysts was reduced at 250 oC with the same reduction method as described in 
Chapter 4 (Table 4.1); the second used catalyst was calcined in a 400oC furnace for 1 
hour in static air with a heating rate of 2 oC/min from room temperature to 400oC, 
then reduced at 250oC of the same condition as the 1st catalyst. 
8.2.4 Catalyst Characterization 
The actual copper loading of fresh catalysts was determined by ICP as the same in 
Chapter 5. 
The catalysts BET surface areas were determined by physical adsorption of N2 at 
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-196oC after degassing the samples at 150 oC for 12 h. 
X-ray diffraction of the catalysts was recorded in a Seifert powder diffract meter, 
using CuKα radiation. Spectra were registered between 20 and 80o (2θ with a step of 
0.02o and a time per step of 3s). 
The Cu dispersion test was developed based on the Cu dispersion determination 
method indicated by Gervasini and Bennici [6]. Details are in Chapter 5. 
8.3 CATALYST DEACTIVATION – RESULTS AND DISCUSSION 
8.3.1 Cu/Al2O3 deactivation in hydrogeonlysis of glycerol 
Table 8.1 gives the conversion and production distribution of glycerol hydrogenolysis 
with Cu/Al2O3 over 50 hour time-on-stream. At standard conditions (Table 4.2). The 
catalyst activity decreased gradually with time-on-stream: from 38 % glycerol 
conversion at 3 hours time-on-stream to 30 % glycerol conversion at 50 hours 
time-on-stream. Montassier et al. [92] reported a similar deactivation behavior on the 
glycerol conversion dropping from initially 50% to 40% at condition of 260oC, 40 bar 
H2 and 110ml/h of 0.11mol/L glycerol by Cu/C after 65 hr reaction time-on-stream in 
continuous reactor. The selectivity to 1,2-PDO and acetol did not change significantly 
with the time-on-stream. The selectivity to ethylene glycol decreased slowly with 
time-on-stream. There were also small amounts of methanol, methane, propanols and 
ethanol detected. No significant CO2 was detected by TCD. 
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Table 8.1 Deactivation test of Cu/Al2O3 in hydrogenolysis of glycerol 
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2, the conversion error is + 2 % and the selectivity error is 
+ 3 % 
Time-on-stream h 3 4 6 8 
Carbon balance % 96 97 96 96 
Conversion % 38.6 36.4 35.2 33.3 
Selectivity to acetol % 2.7 2.6 2.9 2.7 
Selectivity to 1,2-PDO % 94.1 94.0 93.9 93.9 
Selectivity to Ethylene Glycol % 3.1 3.2 3.1 3.2 
Selectivity to others % <1 <1 <1 <1 
Table 8.1 Continued Deactivation test of Cu/Al2O3 in hydrogenolysis of glycerol 
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2, the conversion error is + 2 % and the selectivity error is 
+ 3 % 
Time-on-stream h 16 24 30 44 50 
Carbon balance % 96 96 97 97 98 
Conversion % 32.4 32.8 32.0 31.7 30.1 
Selectivity to acetol % 2.6 2.6 2.4 2.6 2.8 
Selectivity to 1,2-PDO % 93.9 94.0 94.6 94.7 94.6 
Selectivity to Ethylene Glycol % 3.3 3.3 2.8 2.5 2.5 
Selectivity to others % <1 <1 <1 <1 <1 
8.3.2 Investigation of catalyst deactivation 
There could be many factors that affect the catalyst deactivation. Catalyst poison, 
oxidation, growth of catalyst particle size, catalyst leaching during the reaction and 
polymerization & coking would be the most important.  
Catalyst poison 
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Many literatures reported the poisoning influence of Cu catalyst. Twigg et al. [90] and 
Graham et al. [88] claimed that chlorine would deactivate the Cu/Al2O3 in 
hydrogenation reaction. Zhang et al. [89] and Twigg et al. [90] reported that the Cu 
catalyst was fast deactivated in the presence of H2S in WGS and hydrogenation 
reactions. Liu et al. [91] discussed oxygen as a poison in Fe-Cu catalyst for FT reaction. 
Nevertheless, in this study, none of the reported poison would be introduced in the 
reaction, and no additive was used, so the poison effect for Cu catalyst in glycerol 
hydrogenolysis could be neglected.  
Catalyst oxidation 
Very few reports discuss the oxidation of Cu catalyst during reaction that causes the 
catalyst deactivation. The Cu could be slowly oxidised or hydroxided in aqueous 
solution [92]. In the present study, the catalyst is reduced before the reaction and the 
active site of the catalyst is the copper metal particle as demonstrated in the earlier 
chapters. The copper might be oxidized during the reaction reducing the availability 
of active sites decreases leading to a decrease in catalyst activity. There are two 
characterization methods to elucidate the extent to which the catalyst is oxidized: TPR 
and XRD. Figure 8.1 gives the comparison of TPR analysis of unreduced fresh 
catalyst and used catalyst. The used catalyst was first purged at 200oC under nitrogen 
flow for 3 hours to remove the impurities on the catalyst such as water and glycerol 
then put into TPR analysis fast to avoid as far as possible the catalyst oxidation. The 
results show that some hydrogen consumption was detected indicating that the used 
Cu/Al2O3 could be partially oxidized. The hydrogen consumption was 0.015 mole/ g 
Cu for fresh catalyst and 0.0014 mole/ g Cu for spent catalyst. However, the hydrogen 
consumption of the spent catalyst was small and the spent catalyst surface could be 
oxidized during transfer to the TPR so the oxidation of the catalyst during the reaction 
was very small. 
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Figure 8.1 TPR analysis of unreduced fresh catalyst and spent catalyst 
XRD analysis was also performed to check the catalyst oxidation. Due to the highly 
dispersed CuO on the alumina support, the CuO diffraction is not significant in the 
unreduced catalyst. The diffraction of Cu appeared clearly in the reduced catalyst. 
After reaction the Cu diffraction appeared weaker which might suggest partial 
oxidation of Cu to CuO. 
 
Figure 8.2 XRD analysis of fresh, reduced and spent catalyst 
Decrease of Cu dispersion and growth of Cu particle 
The Cu particle size growth was one of the most important factors contributing to the 
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deactivation of Cu catalyst reported by literatures [89 to 96]. Wang et al. [93] kept the 
reaction with CuZnO catalyst in the synthesis of N-ethylethylenediamine for 720 hr 
and detected notable Cu particle size growth from 20nm to 23nm. Zhai et al. [96] found 
the diffraction peak of Cu became sharper after methanol synthesis reaction indicating 
the growth of crystallites. Bienholz et al. [127] proved that a tremendous loss of copper 
surface area occurred during the hydrogenolysis of glycerol. In the present study, 
according to the XRD analysis, as it is still highly dispersed Cu catalyst after reaction, 
it is difficult to observe the particle size change in the XRD analysis (Figure 8.2). 
However, the Cu dispersion and Cu surface area was tested for fresh catalyst and 
spent catalyst with N2O oxidation method (Chapter 5) indicating that the Cu 
dispersion decreased from 66% to 61%.   
Catalyst leaching 
Leaching of the catalyst will reduce the catalyst active sites and reduce the catalyst 
activity. Arena et al. [97] investigated the CuCeOx catalyst deactivation and Cu 
leaching, and found a direct relationship between leaching and catalyst activity. In the 
present study, the Cu concentration of all the liquid samples was analyzed by ICP 
analysis. Table 8.2 shows the Cu (mg/L) detected in samples. The leached Cu 
concentration was low and the total leached Cu weight was approximate 0.023mg 
after 50 hours reaction. Compared to 3 g 18% Cu/Al2O3 catalyst, the percentage of Cu 
leached was very low, as shown in Table 8.2. 
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Table 8.2 Catalyst leaching determined by ICP (error by + 5%) 
Time-on-stream h 3 4 6 8 16 
Cu leaching mg/L 0.26 0.10 0.06 0.04 0.02 
Cu leached mg/h 0.0031 0.0012 0.0007 0.0005 0.0003 
Cu lost % 0.0006 0.0002 0.0001 <0.0001 <0.0001 
Table 8.2 Continued Catalyst leaching determined by ICP (error by + 5%) 
Time-on-stream h 24 30 44 50 
Cu leaching mg/L 0.02 0.02 0.02 0.018 
Cu leached mg/h 0.0002 0.0002 0.0002 0.000216 
Cu lost % <0.0001 <0.0001 <0.0001 <0.0001 
Coking 
Coking could reduce the catalyst surface area and block the active site of the catalyst 
[90, 92 to 94]. BET analysis was performed to compare the fresh catalyst and spent 
catalyst; CHN analysis was also performed to determine the polymer quantity in the 
spent catalyst. The catalyst was first purged at 250oC under the presence of nitrogen 
flow for 2 hours then cooled down before the analysis. Table 8.3 gives the BET 
surface and CHN analysis comparison. The BET and Cu surface area of spent catalyst 
decreased slightly compared to the fresh catalyst; only less than 4% wt carbon was 
detected in the spent catalysts. This is matched to Martyn et al.’s claims [90] that Cu 
based catalyst have a very low activity for breaking C-O bonds or forming C-C bonds 
resulting in low coke formation, and Forzatti et al.’s claim [95] that at less severe 
conditions (temperature and pressure) very little coking as CxHy would be formed. 
CH analysis does not determine the oxygen content. The H/C molar ratio is high (~ 4) 
so it suggests that oxygenate or polymer materials could be formed during reaction. 
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Table 8.3 CNH, BET analysis and Cu surface area  
CNH analysis % wt 
Analysis 
C H N 
BET surface 
m
2
/g 
Cu surface  
m
2
/g 
Fresh 0.6 1 0 163 78 
Spent 3.8 1.25 0 136 71 
8.4 CATALYST REGENERATION   
8.4.1 Activity and selectivity of regenerated catalyst 
As the Cu dispersion and the leached Cu is difficult to recover, the main target of 
catalyst regeneration is to reduce any oxidized Cu and remove the coking or 
oxygenates. The main regeneration method is thermal treatment and reduction 
(oxidation-reduction) [92, 96 and 98]. The spent catalyst was regenerated by two methods: 
the first spent catalyst was only reduced without thermal treatment; the second spent 
catalyst was first calcined in static air in the furnace at 400oC for 1 hour and then 
reduced (details in 8.3.3). The two regenerated catalysts were tested in hydrogenolysis 
of glycerol at the standard conditions (Table 4.2). Figure 8.3 gives the comparison of 
the recovered catalyst activity between the two different regeneration methods. As a 
reference the conversion of fresh catalyst is also provided. It is obvious that the spent 
catalyst with both thermal treatment and reduction has a higher activity than the spent 
catalyst with only reduction treatment. Therefore, the thermal treatment is more 
effective in removing the coke. The activity of the spent catalyst with both thermal 
and reduction treatment is still lower than that of the fresh catalyst, probably due to 
the sintering of the catalyst, reduced Cu dispersion and loss of Cu by leaching, which 
could not be recovered by thermal treatment or reduction. The stability of regenerated 
catalyst is similar to the fresh catalyst, and the selectivity to the product is also close – 
the selectivity to 1,2-PDO from regenerated catalyst is slightly lower than that of the 
fresh catalyst (Table 8.4)  
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Figure 8.3 Comparison of activity for glycerol hydrogenolysis of fresh and 
regenerated catalysts 
Table 8.4 Selectivity of regenerated catalyst (air calcined + reduced) 
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2, the selectivity error is + 3 % 
Time-on-stream h 3 4 6 8 
Carbon balance % 96 96 96 96 
Selectivity to acetol % 4.3 3.8 3.3 3.7 
Selectivity to 1,2-PDO % 92.8 93.2 94.2 93.9 
Selectivity to Ethylene glycol % 2.7 2.7 2.3 2.2 
Selectivity to others % <1 <1 <1 <1 
Table 8.4 continued Selectivity of regenerated catalyst (air calcined + reduced)  
200oC, 30 bar, 4WHSV, 20 wt % glycerol, 470ml/min H2, the selectivity error is + 3 % 
Time-on-stream h 16 24 30 44 48 
Carbon balance % 97 96 98 98 97 
Selectivity to acetol % 3.6 3.5 3.3 3.9 3.5 
Selectivity to 1,2-PDO% 93.3 93.6 94.3 93.2 94.2 
Selectivity to Ethylene glycol % 2.8 2.7 2.3 2.7 2.1 
Selectivity to others % <1 <1 <1 <1 <1 
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8.4.2 Characterization of regenerated catalyst 
The catalyst was regenerated by both thermal and reduction treatment. Table 8.5 gives 
the characterization of the regenerated catalyst compared to a fresh catalyst as a 
reference. The Cu dispersion of the regenerated catalyst is close to the fresh catalyst. 
Thermal treatment removed most of the coking on the catalyst, and the BET surface 
was 148 m2/g. The most important parameters, Cu dispersion and Cu surface area, 
were assumed not be recovered. As discussed in Chapter 5, Cu dispersion and Cu 
surface area are the most important the factors that affect the catalyst activity so the 
main cause of catalyst deactivation was blockage of Cu surface active site by coking 
or oxygenates, but sintering and oxidation could also be an effective deactivation 
factor. 
 Table 8.5 Catalyst characterization of regenerated catalyst (reduced + baked) 
CNH analysis % wt 
Analysis 
Cu surface  
m2/g 
Cu dispersion 
% C H N 
BET surface 
m2/g 
Fresh catalyst 78 66 0.6 1 0 163 
Regenerated catalyst 71 61 0.66 0 0 148 
8.5 CONCLUSION 
At the standard condition after 50 hour time-on-stream, the Cu/Al2O3 catalyst lost 
about 15% of its activity, from ~38% at 3 hours time-on-stream to 30 % at 50 hours 
time-on-stream. The selectivity changed very little. Partial oxidation; leaching, 
particle size growth and coking were found that caused the deactivation of the 
catalysts. The main cause of the deactivation is coking or oxygenates. Thermal 
treatment at 400oC in static air could remove most of the coking or polymer on the 
catalyst. The regenerated catalyst recovered the activity from 30 % to 35 % and 
behaved as stable as the fresh catalyst of the same reaction conditions. 
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CHAPTER 9 CONCLUSION AND FUTURE CHALLENGES 
A batch and a trickle flow fixed bed continuous reactor were tested for the 
hydrogenolysis of glycerol. Raney copper, cobalt and nickel and carbon supported 
precious metal catalysts were tested in the batch reactor, and Ru/C, Cu/Al2O3, 
Cu/SiO2, Co/Al2O3, Ni/Al2O3 etc were tested in the continuous reactor. Parametric 
studies were performed and kinetic parameters were evaluated with Raney copper in 
the batch reactor and with Cu/Al2O3 in the continuous reactor. The network of 
glycerol hydrogenolysis was studied including the hydrogenation of acetol. Cu/Al2O3 
was investigated in the continuous reactor. Preparation methods, Cu loading, 
reduction temperature and type of catalyst support effect were studied. Catalyst 
characterization was performed to elucidate the factors that affected catalyst 
performance such as activity and selectivity to 1,2-PDO and the deactivation 
behaviors. Cu/Al2O3 catalyst was also modified by adding small amounts of Co and 
Ni to enhance the activity. 
From the results obtained it is concluded that: 
1,2-PDO, acetol, methanol, ethanol, ethylene glycol, 1-propanol, 2-propanol and 
gaseous products (i.e. methane and CO2) are the main products of glycerol 
hydrogenolysis on Cu catalyst. It was showing that the acetol is the intermediate 
product of glycerol to 1,2-PDO over Cu catalysts in the glycerol hydrogenolysis 
network. 
Raney copper is the most selective catalyst to 1,2-PDO (~95%) in batch reactor tests. 
Raney cobalt, Raney nickel and Ru/C have a higher activity but the selectivity to 
1,2-PDO is much lower than that of Raney copper. The results of the glycerol 
conversion with physically mixed Raney copper and Raney nickel indicated that the 
two catalysts worked independently. 
The parametric study of Raney copper in the batch reactor and Cu/Al2O3 in the 
continuous fixed bed reactor indicates that the glycerol hydrogenolysis follows overall 
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first order kinetics with the respect to glycerol conversion. The apparent activation 
energy was estimated as 84kJ/mol with Raney Cu in the batch reactor and 140kJ/mol 
in continuous reactor with Cu/Al2O3. Hydrogenation of acetol was also shown to be 
first order. From the result it can be concluded that the rate controlling step of glycerol 
hydrogenolysis to 1,2-PDO over the studied catalysts is the dehydration of glycerol to 
acetol. 
Cu/Al2O3 is the most interesting catalyst for production of 1,2-PDO. 100% conversion 
was achieved with a selectivity to 1,2-PDO of 93% at 200oC, 30 bar hydrogen. 
According to the parametric study, 10 to 40 wt % glycerol in water, 30 to 50 bar 
hydrogen pressure and 190 to 230 oC reaction temperature are preferred in glycerol 
hydrogenolysis. 
According to the Cu/Al2O3 catalyst investigation, e.g. preparation method, loading 
and catalyst reduction method, the results indicate that the Cu/Al2O3 activity is related 
to the active Cu surface area on an alumina support and the selectivity to 1,2-PDO is 
constant for Cu/Al2O3 with different Cu surface area. Co-precipitation gives a higher 
copper dispersion and smaller copper particle size than impregnation, 
single-precipitation and the precipitation with urea. Co-precipitated Cu/Al2O3 with a 
copper loading between 15 to 20% gives the highest active copper surface area. Some 
evidence for support effect was found for Cu/SiO2, Cu/ZnO and Cu/TiO2. Al2O3 gives 
a higher Cu dispersion than that of the other supports.  
The addition of a small amount of Co or Ni in Cu/Al2O3 to form bimetallic catalyst 
improves the catalyst activity, although the bimetallic catalysts appear to deactivate 
more quickly. Addition of 1 wt % nickel gives the best activity for glycerol 
hydrogenolysis compared to Cu/Al2O3, CuCo/Al2O3 and CuNi/Al2O3 with a higher Ni 
loading, while presenting a high selectivity to 1,2-PDO (94 %). 
The main factors that affect the Cu/Al2O3 catalyst deactivation are oxidation, particle 
growth, leaching and coking. At the condition of 200oC, 30 bar hydrogen, after 50 
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hour time-on-stream; the Cu/Al2O3 catalyst lost 15% of its original activity, from 38% 
at 3 hours time-on-stream to 30 % at 50 hours time-on-stream. The formation of coke 
or polymer is the most important factor that leads to catalyst deactivation. Leaching, 
poisoning, particle size growth and oxidation of the metal were less important. 
Thermal treatment at 400oC in an oven can remove most of the coke from the catalyst. 
A catalyst regenerated by calcination and reduction recovered the activity from 30 % 
to 35 % at 3 hours time-on-stream, kept the same selectivity to 1,2-PDO as fresh 
catalyst and exhibited the same deactivation behaviors of fresh catalyst at the same 
reaction conditions. 
The improvement for glycerol hydrogenolysis compared to the literature and the 
significant impacts of this research are: 
The understanding of relationship between catalyst property and catalyst performance, 
especially for Cu surface area and catalyst activity, were illustrated based on the 
investigation of catalyst preparation method, variation of Cu loading, reduction 
method and changing the catalyst support. The main deactivation factor for glycerol 
hydrogenolysis with Cu/Al2O3 was revealed. Most of the research in this study was 
carried out in continuous reactor where as most of the previous work was done in 
batch reactors [21,22,23,24,34,35,36,37,102,108,126,127etc]. The compounds in the network of 
glycerol hydrogenolysis were individually studied on Cu/Al2O3. The preliminary 
study of kinetics for glycerol hydrogenolysis will provide an important reference for 
further investigation. Compared to the commercial Cu chromite catalyst [21], the 
Cu/Al2O3 catalyst developed in this study shows much higher selectivity to 1,2-PDO 
and is environmentally more preferred than Cu chromite. The Ni or Co modified 
Cu/Al2O3 catalysts were firstly used in glycerol hydrogenolysis and showed an 
improved catalyst activity.  
The challenges remaining for this research are: 
Cu/Al2O3 and Co & Ni promoted Cu/Al2O3 bimetallic catalyst appear of great interest 
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for glycerol hydrogenolysis. Further investigation of Cu/Al2O3 and Co & Ni promoted 
Cu/Al2O3 bimetallic catalyst is needed, e.g. the use of promoter (La, Ca, Ru etc) 
[107, 
130], and the study of the other preparation method effects such as calcination method, 
aging time, pH for precipitation method etc. As the bimetallic catalysts prepared show 
a more rapid deactivation, further investigations of catalyst deactivation for bimetallic 
catalyst are essential. The deactivation investigation of Cu/Al2O3 for longer 
time-on-stream is also needed. The catalyst material size/shape effects, such as 
industrial scale pellet, should be studied and compared to the crushed catalysts used in 
this study. 
All the experiment in this study used pure glycerol solution. In the further research, 
glycerol with different purity, such as crude glycerol solution which is directly derived 
from biomass, should be studied.  
Further study on glycerol network and kinetics to understand the reaction mechanism 
in more detail is essential. Mass and heat transfer effects were minimized in this study 
but should be further studied as part of the scale-up. The glycerol hydrogenolysis 
network will be further studied on Cu/Al2O3 catalyst, such as dehydration of glycerol 
via reactive distillation of glycerol to acetol by Cu/Al2O3 catalyst. 
Product separation methods, e.g. 1,2-PDO, ethylene glycol, and gas product such as 
CO2 and methane, should be studied. 
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Appendix 1: XRD analysis of catalyst prepared by different preparation method: 
unreduced catalyst 
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Appendix 2: XRD analysis of catalyst prepared by different preparation method 
(reduced catalyst) 
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Appendix 3: TPR analysis of catalyst prepared by different preparation method 
and Cu loading 
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Appendix 4-1: Conversion vs. stream time – preparation method 
Conversion % at stream time hr 
Name 
4 6 8 16 24 
NH3-P 28 23 20 18 18 
NH3-Co-p 37 36 33 32 31 
NH3-P-NOC 37 31 26 24 23 
NaOH-P 26 20 12 10 10 
NaOH-Co-P 36 32 30 28 26 
Na2CO3-P 30 22 21 18 17 
Na2CO3-Co-P 39 31 29 25 24 
Oxalic-P 31 25 21 20 18 
Urea 29 27 25 23 21 
Degussa 46 38 33 30 29 
Imp-Al 25 23 20 19 18 
Appendix 4-2: Conversion vs. stream time –copper loading 
Conversion % at stream time hr 
Name 
4 6 8 16 24 
Cu/Al2O3-1% 3 1 - - - 
Cu/Al2O3-3% 7.8 6.4 5.8 5.2 5.1 
Cu/Al2O3-6% 18 16 14 13 11 
Cu/Al2O3-11% 28 24 24 22 22 
Cu/Al2O3-18% 37 36 33 32 31 
Cu/Al2O3-35% 30 25 24 21 20 
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Appendix 4-3: Selectivity vs. stream time – preparation method at 8 hr 
time-on-stream 
Name 
Selectivity to 
Methanol   
% C mole 
Selectivity to 
Ethanol     
% C mole 
Selectivity to 
1-propanol          
% C mole 
Selectivity to   
gas       
% C mole 
NH3-P 0.2 0.1 - - 
NH3-Co-p 0.3 0.1 - - 
NH3-P-NOC 0.2 - - - 
NaOH-P 0.2 0.1 - - 
NaOH-Co-P 0.2 - - - 
Na2CO3-P 0.3 - <0.1 <0.1 
Na2CO3-Co-P 0.2 0.1 <0.1 - 
Oxalic-P 0.2 - - <0.1 
Urea 0.2 0.1 - <0.1 
Imp 0.3 - - - 
Appendix 4-4: Selectivity vs. stream time –copper loading at 8 hr time-on-stream 
Name 
Selectivity to 
Methanol    
% C mole 
Selectivity 
to Ethanol     
% C mole 
Selectivity to 
1-propanol          
% C mole 
Selectivity to   
gas            
% C mole 
1%Cu/Al2O3 - 0.1 <0.1 <0.1 
3%Cu/Al2O3 0.5 0.1 <0.1 - 
6%Cu/Al2O3 0.4 0.1 - - 
11%Cu/Al2O3 0.3 0.1 - - 
18%Cu/Al2O3 0.2 - - - 
35%Cu/Al2O3 0.2 - - - 
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Appendix 5: Copper surface area data – preparation method  
Name 
Mass   
g 
Ccu by ICP 
(mg/L) 
*Factor 
Cu    
% 
A2 
Mass   
g  
Surface Cu  
g 
Dispersion 
% 
Cu surface 
area m2/g 
NH3-P 0.0141 55.60 1.00 0.1972 0.78 0.035 0.00238 34 43.76 
NH3-Co-p 0.0133 41.70 0.85 0.1844 1.59 0.040 0.00485 66 78.05 
NH3-P-NOC 0.0216 68.50 1.00 0.1586 0.90 0.030 0.00274 58 58.90 
NaOH-P 0.0132 51.80 1.00 0.1962 0.55 0.040 0.00168 21 27.00 
NaOH-Co-P 0.0222 71.50 1.00 0.1610 1.55 0.047 0.00472 62 64.75 
Na2CO3-P 0.0129 42.80 1.00 0.1659 0.98 0.040 0.00299 45 48.11 
Na2CO3-Co-P 0.0200 70.33 1.00 0.1758 1.40 0.044 0.00427 55 62.47 
Oxalic-P 0.0159 60.90 1.00 0.1915 1.13 0.044 0.00344 41 50.43 
Urea 0.0130 53.50 1.00 0.2058 1.30 0.044 0.00396 44 58.01 
Imp 0.0129 48.00 1.00 0.1860 0.51 0.034 0.00250 40 47.45 
*Factor: As some of the copper catalyst was very difficult to dissolve in acid for ICP analysis, high temperature microwave was used. 
Some of the dissolved catalyst liquid may be lost during microwaving then: factor = volume of acid before microwaving/ volume of acid 
after microwaving
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Appendix 6: Copper surface area data – copper loadings  
Name 
Mass   
g 
Ccu by ICP 
(mg/L) 
*Factor 
Cu    
% 
A2 
Mass   
g 
Surface Cu  
g 
Dispersion 
% 
Cu surface area   
m2/g 
NH3-Co-p-3 0.0153 6.80 0.95 0.0234 0.83 0.0390 0.00078 85 12.41 
NH3-Co-p-6 0.0131 13.70 0.9 0.0581 1.80 0.0350 0.00168 83 30.96 
NH3-Co-p-11 0.0130 22.90 0.88 0.1010 3.05 0.0350 0.00285 81 54.45 
NH3-Co-p-18 0.0133 41.70 0.90 0.1742 1.59 0.0400 0.00485 70 78.05 
NH3-Co-p-35 0.01 70.62 1 0.3531 1.2 0.04 0.003657 26 52.90 
*Factor: As some of the copper catalyst was very difficult to dissolve in acid for ICP analysis, high temperature microwave was used. 
Some of the dissolved catalyst liquid may be lost during microwaving then: factor = volume of acid before microwaving/ volume of acid 
after microwaving 
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Appendix 7: Hydrogenolysis of glycerol in continuous reactor – the other tested 
catalysts 
Table 1 List of catalysts 
Abbreviation Description Composition/ %wt 
CuNi CuO,NiO,Cr2O3/Al2O3 3.9% Cu, 1.6% Ni, 0.4% Cr2O3 
CuZn CuO,ZnO,Cr2O3/Al2O3 18% Cu, 0.5% Cr2O3 , 4% CrO3, 5%BaO 
Cu/Si Cu/ SiO2 16 %Cu 
Oct Octolyst catalyst 62.5% CuO 
Table 2 Catalyst activation 
Catalyst Particle size   
µm 
Reduction temperature   
o
C 
H2/N2 flow rate/  
ml/min 
CuNi 300~600 400 300/300 
CuZn 300~600 300 300/300 
Cu/Si 300~600 300 300/300 
Oct 300~600 300 300/300 
Table 3 Catalyst activity 
Time-on-stream 
hr 
3 4 6 8 16 24 
CuNi 20.0 14.7 9.0 8.5 6.8 5.0 
CuZn 8.9 8.3 7.0 4.9 3.1 2.8 
Cu/Si 7.3 6.6 6.1 5.2 4.9 3.7 
Octolyst 8.0 7.9 6.7 6.6 4.9 5.3 
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Table 4 Selectivity to 1,2-PDO 
Time-on-stream 
hr 
3 4 6 8 16 24 
CuNi 91.7 89.1 84.7 81.7 82.4 82.5 
CuZn 94.4 95.2 95.6 91.5 88.6 84.1 
Cu/Si 86.4 85.0 84.8 82.9 82.7 78.2 
Octolyst 93.3 93.9 93.5 87.0 81.9 84.8 
Reaction condition: 190oC, 30 bar hydrogen, 470ml/min hydrogen flow, 20 wt% 
glycerol and 4 WHSV 
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Appendix 8: Hydrogenolysis of sorbitol and lactic acid in continuous reactor – 
other tested catalysts 
Table 1 Lactic acid (WHSV=4) Cu/SiO2 
Time-on-stream  
h 
Temperature  
o
C 
Pressure  
Bar 
H2 flow 
ml/min 
N2 flow 
ml/min 
3 200 1 30 0 
4 200 5 150 0 
7 200 10 300 0 
9 200 15 450 0 
Table 2 Yield of identified products - lactic acid 
Time 
(h) 
Acetol /  
% 
1,2-PDO 
% 
Propianaldehyde 
% 
Propanoic 
acid/ % 
3 0.1 0.4 0.0 0.3 
5 0.2 0.4 0.0 0.3 
7 0.6 0.4 0.0 0.3 
9 0.5 0.3 0.0 0.2 
The starting H2 pressure was 1 bar then increased to 15 bars. The hydrogen flow rate 
was increased to have a rate of 30ml/min/bar. The reaction temperature was kept at 
200oC. No gas was detected by both TCD and FID as in glycerol runs. The catalyst 
leaching problem became more serious when the hydrogen pressure was increased.  
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Table 3 Yield to identified products of sorbitol hydrogenloysis Cu/SiO2 
 10 wt % sorbitol, 30 bar, 470ml/min  
Time-on-stream 
h 
Temp 
o
C 
MeOH 
% 
2-Propanol 
%  
Ethanol 
% 
1-Propanol 
% 
Acetol 
% 
1,2-PDO 
% 
EG  
% 
Glycerol 
% 
3 180 0.0 0.0 0.0 0.0 0.0 0.7 0.5 1.9 
5 200 0.0 0.0 0.0 0.0 0.1 3.9 1.1 0.0 
7 220 0.2 0.2 0.0 0.1 1.5 7.2 1.9 0.1 
9 240 0.2 0.2 0.0 0.1 1.8 9.1 2.7 0.2 
16 240 0.2 0.1 0.0 0.1 3.8 7.4 3.3 0.4 
24 240 0.2 0.2 0.0 0.1 2.8 3.9 1.8 0.1 
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Appendix 9: Produce yield (carbon/mole) of hydrogenolysis of glycerol in batch reactor – addition of H2 
Catalyst 1.2-PDO Ethylene Glycol Actol 1-PO MeOH EthOH CO2 CH4 C2H6 
RNi+H2 15.4 6.7 2.8 0.7 0.1 2.4 2 9.8 0.5 
RNi 18.3 7.9 3.4 0.32 1.26 2.96 2.9 1.8 0.39 
RCo+H2 32 6 1.1 4.1 1 0.8 1 7.7 0.5 
RCo 27.9 5.5 1.2 0.79 1.8 0.59 2.9 1.8 0.19 
RCu+H2 37.1 0.9 0.2 1.5 0.02 0.1 1.1 0.1 0 
RCu 25.2 0.8 0.21 0.14 0.05 0.07 0.4 0.02 0 
 
 
 
 
